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Summary Technical Report volumes and microfilmed and 
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Department, Attention: Reports and Documents Section. 
Washington 25, D. C. 
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nical Report of NDRC, has been written, edited, and printed 
under great pressure. Inevitably there are errors which 
have slipped past Division readers and proofreaders. There 
may be errors of fact not known at time of printing. The 
author has not been able to follow through his writing to 
the final page proof. 

Please report errors to: 

JOINT RESEARCH AND DEVELOPMENT BOARD 

PROGRAMS DIVISION (STR ERRATA) 

WASHINGTON 25, D. C. 

A master errata sheet will be compiled from these reports 
and sent to recipients of the volume. Your help will make 
this book more useful to other readers and will be of great 
value in preparing any revisions. 

UNCLASSIFIED 



UNClASSiFIED 
SUMMARY TECHNICAL REPORT OF DIVISION 3, NDRC 

VOLUME l 

ROCI(ET AND UNDERWATER 

ORDNANCE 

OFFICE O:F SCIENTIFIC RESEARCH A~D DEVET ... OPMENT 

VANNEVAR BUSH, DIRECTOR 

NATIONAL DEFENSE RESEARCH COMMITTEE 

JAMES B. CONANT, CHAIRMAN 

DIVISION 3 

F. L. HOVDE, CHIEF 

WASHINGTON, D. C., 1946 

UNClASSlflt£ 



NATIONAL DEFENSE RESEARCH COMMITTEE 

James B. Conant, ChaiTman 

Richard C. Tolman, Vice Chairman 

Roger Adams 

Frank B. Jewett 

Karl T. Compton 

Army Representative' 

Navy Representative2 

Commissioner of Patents') 

Irvin Stewart, ExecuUve Secretary 

l. Arrny represiJntatives in ordwr of ser·vice: 

Maj. Gen. G. V. Strong 

Maj. Gen. R. C. Moore 

Maj. Gen. C. C. Williams 

Col. L. A. Denson 

Col. P.R. Faymonville 
Brig. Gen. E. A. Regnier 

Brig. Gen. W. A. Wood, Jr. CoL M. M. Irvine 

CoL E. A. Routheau 

"Navy r·epresentatives in 01·dwr o.f seTvice: 

Rear Adm. H. G. Bowen Rear Adm. J. A. Furer 
Capt. Lybrand P. Smith Rear Adm. A. H. VanKeuren 

Commodore H. A. Schade 

3 Commissioner.~ of Patents in order of service: 
Conway P. Coe Casper W. Ooms 

NOTES ON THE ORGANIZATION OF NDRC 

The duties of the National Defense Research Committee 
were (1) to recommend to the Director of OSRD suitable 
projects and research pJ:ograms on the instrumentalities 
of warfare, together with contract facilities for carrying 
out these px·ojects and programs, and (2) to administer 
the technical and scientific work of the contracts. More 
specifically, NDRC functioned by initiating research 
projects on requests from the Army or the Navy, or on 
requests from an allied government transmitted through 
the Liaison Office of OSRD, or on its own considered ini­
tiative as a result of the experience of its members. Pro­
posals prepared by the Division, Panel, or Committee for 
research contracts for performance of the work involved 
in such projects were first reviewed by NDRC, and if 
approved, recommended to the Director of OSRD. Upon 
approval of a proposal by the Director, a contract per­
mitting maximum flexibility of scientific effort was ar­
ranged. The business aspects of the contract, including 
such matters as materials, clearances, vouchers, patents, 
priorities, legal matters, and administration of patent 
matters were handled by the Executive Secretary of 
OSRD. 

Originally NDRC administered its work through five 
divisions, each headed by one of the NDRC members. 

These were: 
Division A - Armor and Ordnance 
Division B- Bombs, Fuels, Gases, & Chemical Prob-

lems 
Division C- Communication and Transportation 
Division D -Detection, Controls, and Instruments 
Division E- Patents and Inventions 

iv 

In a reol·ganization in the fall of 1942, twenty-three 
administrative divisions, panels, or committees were cre­
ated, each with a chief se!Eicted on the basis of his out­
standing work in the particular field. The NDRC mem­
bers then became a reviewing and advisory group to the 
Director of OSRD. The final organization was as follows: 

Division 
Divisiol) 
Division 
Division 
Division 
Division 
Division 
Division 
Division 

1-Ballistic Research 
2 -Effects of Impact and Explosion 
3 - Rocket Ordnance 
4- Ordnance Accessories 
5 - New Missiles 
6- Sub-Surface Warfare 
7- Fire Control 
8- ~xplosives 

9 - Chemistry 
Division 10- Absorbents and Aerosols 
Division 11 - Chemical Engineering 
Division 12 - Transpo1·tation 
Division 13- Electrical Communication 
Division 14- Radar 
Division 15- Radio Coordination 
Division 16- Optics and Camouflage 
Division 17- Physics 
Division 18- War Metallurgy 

- Division 19- Miscellaneous 
Applied Mathematics Panel 
Applied Psychology Panel 
Committee on Propagation 
Tropical Deterioration Administrative Committee 



NDRC FOREWORD 

AS EVENTS of the years preceding 1940 revealed 
ft more and more clearly the seriousness of the 
world situation, many scientists in t,his country 
came to realize the need of organizing scientific re­
search for service in a national emergency. Recom­
mendations which they made to the White House 
were given careful and sympathetic attention, and 
as a result the National Defense Research Commit­
tee [NDRC] was formed by .Executive Order of the 
President in the summer of 1940. The members of 
NDRC, appointed by the President, were instructed 
to supplement the work of the Army and the Navy 
in the development of the instrumentalities of war. 
A year later, upon the establishment of the Office 
of Scientific Research and Development [OSHD], 
NDRC became one of its units. 

The Summary Technical Report of NDRC is a 
conscientious effort on the part of NDRC to sum­
marize and evaluate its work and to present it in a 
useful and permanent form. It comprises some 
seventy volumes broken into groups corresponding 
to the NDRC Divisions, Panels, and Committees. 

The Summary Technical Report of each Division, 
Panel, or Committee is an integral survey of the 
work of that group. The first volume of each group's 
report contains a summary of the report, stating the 
problems presented and the philosophy of attacking 
them, and summarizing the results of the research, 
development, and training activiLies undertaken. 
Some volumes may be "state of the art" treatises 
covering subjects to which various research groups 
have contributed information. Others may contain 
descriptions of devices developed in the laboratories. 
A master index of all these divisional, panel, and 
committee reports which together constitute the 
Summary Technical Report o-f NDRC is contained 
in a separate volume, which also includes the index 
of a microfilm record of pertinent technical labora­
tory reports and reference material. 

Some of the NDRC-sponsored researches vvhich 
had been declassified by the end of 1945 were of 
sufficient popular interest that it was found desir­
able to report them in the form of monographs, such 
as the series on radar by Division 14 and the mono­
graph on sampling inspection by the Applied Mathe­
matics Panel. Since the material treated in them 
is not duplicated in the Summary Technical Report 
of NDRC, the monographs are an important part 
of the story of these aspects of NDRC research. 

In contrast to the information on radar, which is 

of widespread interest and much of which is released 
to the public, the research on subsurface warfare is 
largely classified and is of general interest to a 
more restricted group. As a consequence, the report 
of Division 6 is found almost entirely in its Sum­
mary Technical Report which runs to over twenty 
volumes. The extent of the work of a division can­
not therefore be judged solely by the number of 
volumes devoted to it in the Summary Technical 
Heport of NDRC: account must be taken of the 
monographs and available repmts published else­
where. 

The beginning of World War II found the United 
States with no program for the development of 
rocket weapons. By the end of the war this country 
was well in the lead, thanks largely to the efforts of 
Division 3. As a result of proposals by Dr. C. N. 
Hickman, NDRC rocket work was initiated in 1940 
under Division A, with Richard C. Tolman as chair­
man. The work was carried forward by Division 3 
under two chiefs, John T. Tate in 1943 and Fred­
eriek L. Hovde through 19"15. 

The program, carried out by several contractors 
with Army and Navy cooperation, produced rockets 
used effectively by our Infantry, Artillery, Navy, 
and Air Forces against submarines, ships, tanks, 
beach defenses, and inland positions. By virtue of 
their lack of recoil, rockets could be launched from 
men's shoulders, automotive vehicles, small and 
large ships, and aircraft. One of the first to go into 
combat was the bazooka, the Infantry's famed 
Panzer destroyer. In landing operations the Navy 
used barrage rockets effectively to smother Japa­
nese shm-e defenses. From one Division 3 contract 
came also important contributions to the develop­
ment of torpedoes and depth bombs. 

The Division 3 Summary Technical Report, pre­
pared under the direction of the Division Chief and 
authorized by him for publication, outlines the 
technical and military knowledge resulting from 
this program. The performance of Division 3 in 
discovering and summarizing this information, and, 
even more, in applying it in timely development of 
new rocket weapons, deserves our admiration and 
gratitude. 

VANNEvAR BusH, Director 
Office of Scientific Research and Development 

J. B. CONANT, Chairman 
lv~ ational Defense Research C ormnittee 
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.FOREWORD 

DIVISION 3 directed its operations toward two 
principal, and conflicting, objectives. The 

first was to develop rocket ordnance which the 
Army and Navy could and would use as early as 
possible in World War II. The second was to 
provide the new knowledge necessary as a basis 
for development of improved designs and addi­
tional types of rocket weapons during a war of 
uncertain length. Maintaining the proper bal­
ance between these aims as the war progressed 
was a matter of some difficulty, and was achieved 
only imperfectly. 

Most of the Division 3 rockets were developed 
to provide our military and naval forces with 
added fire and bombing power to meet tactical 
situations for which conventional artillery and 
bombs were unsuited or not effective. Except 
for the 1200-pound "Tiny Tim" aircraft rocket, 
all were under 200 pounds in weight. And none 
of the artillery type service rockets exceeded 
1600 feet per second in velocity. All of them 
employed grains of solid double-base propel­
lants. None had wings or controls. 

Within these general limits, the work of Divi­
sion 3 embraced research, development, design, 
experimental and pilot production, and many 
kinds of testing. Certain studies and develop­
ments in underwater ordnance were carried on 
in close association with the broader activities of 
Division 6 in this field. 

In 1940 neither the Army nor the Navy had 
any rocket projectiles in service or under devel­
opment. In the period 1942-1945 many types 
and sizes of rockets, components, launchers, and 
related ordnance items developed entirely or in 
part by Division 3 were used in combat in signifi­
cant quantities and with substantial effects. 
Among these were the "bazooka" rocket, the 
"mousetrap'' antisubmarine rocket, several 
types of rockets used primarily for barrages in 
landing and field artillery operations, and a vari­
ety of rockets for aircraft armament. In addi­
tion, the division's laboratories doubled the 
range of the conventional 4.2-inch mortar 
through the development of new powder 
charges; another project involved structural 
modifications of the Mark 13 aircraft torpedo 

which increased the overall effectiveness of this 
important weapon several-fold. 

In or on the verge of production when the 
Japanese surrendered were "superbazooka" 
rockets, a recoilless 4.2-inch rifle, smokeless 
rockets for assisting the take-off of airplanes 
and flying boats, and numerous improved types 
of rocket ordnance already in service. Among 
the items in advanced development were water­
discriminating fuzes for rockets fired from air­
craft against ships, powder-powered launchers 
for V-1 type flying bombs, powder-pressurized 
flame throwers, rocket propulsion units for mine 
field clearance devices, and proximity-fuzed 
rockets for defense against suicide aircraft at­
tacks. 

In connection with these developments the 
division workers mastered many techniques and 
amassed much knowledge of rockets and other 
ordnance. This book provides a partial sum­
mary of that knowledge, and a guide to much 
more of it. Not the least of the division's accom­
plishments has been the production and wide 
distribution of a large volume of reports on its 
work. 

Throughout its life the division provided con­
sulting and other technical services to both Army 
and Navy, not merely on their own developments 
and those of the division, but also in connection 
with intelligence covering energy develop­
ments. Field technical assistance was provided 
in the Pacific, in Great Britain, and in France. 
Of continuing value to the Army and Navy are 
the personnel and facilities acquired by transfer 
in the process of demobilizing Division 3. Many 
of the division's principal operations are con­
tinuing under the Navy Bureau of Ordnance. 

This book was prepared primarily for the use 
of military personnel entering on duties involv­
ing research and development of rockets and un­
derwater ordnance, technically competent in 
ordnance engineering, but with limited knowl­
edge of these particular fields. The aims have 
been to summarize the "state of the art" as it 
developed during the war, and to indicate some 
of the directions of future research and develop­
ment which appeared to be most promising or 
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most necessary. The book serves as an introduc­
tion to the numerous final and other technical 
reports submitted by the several division con­
tractors. 

In scope this Summary Technical Report does 
not cover completely the activities of the divi­
sion. The book is devoted primarily to basic 
phenomena, analysis, and methods; the develop­
ment and design of weapons and other equip­
ment is covered only generally. In Chapters 18, 
19, and 20, C. W. Snyder sketches the evolution 
of most of the rocket designs developed under 
Section L. It is regrettable that there is no com­
parable survey of the numerous items developed 
under Section H; however, complete reports on 
these have been distributed. Fuzes, launchers, 
and rocket heads are treated only briefly. Among 
the subjects not covered at all are production, 
fire control, terminal ballistics, and tactical 
employment. Army and Navy experience in 
rocket ·development, production, testing, train­
ing, and combat employment is not included, ex­
cept indirectly as it affected the work of the 
division. The book is historical only where such 
treatment seemed to its authors to give the most 
effective exposition. 

In Part I, Dr. Max Mason and Dr. F. C. Lind­
vall summarize the underwater ordnance activi­
ties carried out in Division 3 to supplement the 
broader program of Division 6. Dr. B. H. Sage, 
in Part II, and Dr. R. E. Gibson, in Part III, treat 
the problems which lie at the core of rocket 
development, namely, those of propellants and 
interior ballistics. C. W. Snyder covers complete 
rockets, their launchers and their uses in Part 
IV, and the theories underlying their design and 
performance in Part V. 

Other volumes of the NDRC Summ~ry Tech­
nical Report Series include subjects related to 
the work of Division 3, as follows: 
Division 1 Propellants, interior ballistics, 

Division 2 

Division 4 

Division 6 

gun erosion 
Terminal ballistics, choice of 
weapons (including rockets) 
for specified targets 
Proximity and other fuzes for 
rockets, "tossing" of rockets 
from airplanes 
Antisubmarine weapons, air­
craft torpedoes, hydrodynamics 

Division 7 Fire control for rockets 
Division 8 Propellants, long-burning rock-

ets, and high explosives 
Division 11 Flame throwers and incendiary 

rockets 
Division 12 Use of barrage rockets from 

DUKW's 
Division 14 Radar ranging for aircraft 

rocket fire control 
Division 18 Metallurgy applicable to rock-

ets 
Division 19 Rocket armament for guerilla 

warfare 
Applied Theory of heat transfer and of 
Mathematics nozzles, analysis of propellant 
Panel specifications 

The NDRC rocket development program was 
initiated in 1940. Its foundations were laid in 
Division A under the wise and far-sighted guid­
ance of its Chairman, Dr. Richard C. Tolman, its 
Vice-Chairman, Dr. Charles C. Lauritsen, the 
Chairman of its Section H, Dr. Clarence N. 
Hickman, and, in 1942, the Chairman of its Sec­
tion C, Dr. John T. Tate. In the NDRC reor­
ganization at the end of 1943 these two sections 
were merged to form Division 3, with Doctor 
Tate as Chief. The program co:ntinued to grow 
rapidly. In the summer of 1943 Doctor Tate re­
signed to devote full time to his responsibilities 
as Chief of Division 6. 

In September 1943, I became Chief of the 
Division and Acting Chief of its Section L, which 
was, in effect, a re-established Section C. Sec­
tion H was reconstituted with Doctor Hickman 
as Chief. This organization continued through 
1945. Principal personnel of these several or­
ganizations is shown in an appendix. 

The experience of Division 3 demonstrates 
conclusively that nonmilitary scientists can 
grasp quickly the needs of the fighting arms and 
the problems of the supply services, develop 
new and improved weapons and equipment rap­
idly, within the limitations of available knowl­
edge, expand that knowledge as required, and on 
this basis develop still newer and better items. 
In initiating such a program on the eve of war, 
the principle of exploring thoroughly, yet 
quickly, and correlating the technical knowl­
edge available with the apparent operational 
needs of the war requires no defense. The impor-
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tance of bringing the best scientists into the pro­
gram as early and in as large numbers as pos­
sible has been proved; only thus can effective 
leadership be provided. Facilities must be pro­
vided rapidly, but with a view toward expansion 
by severalfold. Constant evaluation of promise, 
progress and results is called for, as a basis for 
any needed redirection. 

It became apparent that the military principle 
of economy of force applies perhaps more 
strongly to wartime research and development. 
This is to say, more valuable results can be 
achieved sooner by early concentration on those 
few objectives of greatest value or promising of 
earliest attainment, to the exclusion, at least 
temporarily, of perhaps more attractive but less 
significant objectives. However, small holding 
and scouting forces are always needed, to con­
solidate developments and to discover other 
promising lines of attack. The experience of 
the division showed the values of follow-through 
by the applied science forces into the fields of 
production, testing, training, and analysis of 
performance under conditions of ultimate serv­
ice. Another analogy with military operations 
became apparent, namely, the necessity for 
prompt and complete abandonment of certain 
projects as soon as there is a conclusive deter­
mination that, in comparison with other proj­
ects, the probabilities of early enough success 
are not in proportion to the effort required. Fi­
nally, the experiences of this division and others 
established new highs in teamwork between mil­
itary personnel and scientists outside of the mili­
tary organizations. 

Under the present conditions of peace, with 
time scale and other factors radically changed, 
research and development operations by or for 
the services must be governed by principles dif­
fering somewhat from those above. I am con­
vinced that the services must continue to have 
principal responsibility for the development of 
new weapons and other instrumentalities of 
warfare. Further, the services must provide for 
and supervise much more applied research, es­
pecially in the fields of their specialized require­
ments, than heretofore. For many reasons it 
seems both wise and necessary that they con­
tinue strong fundamental research activities in 
their own military laboratories, yet at the same 

time promote an extensive and thorough extra­
mural research program in order that the civil­
ian scientists of the nation may continue to serve 
the needs of national defense in peace as well as 
in war. 

Whatever success the division attained is due 
in large measure to Dr. V annevar Bush, Direc­
tor of the Office of Scientific Research and Devel­
opment, and to Dr. Irvin Stewart, Executive 
Secretary and Contracting Officer, and their 
staffs. Under their wise policies, flexible organ­
izations and effective operating procedures, a 
majority of the nation's scientists and scientific 
organizations performed an unprecedented job 
with a degree of efficiency and coordination un­
usual in government operations in war or in 
peace. A basic element was the freedom allowed 
the divisions and contractors in choosing and 
using various means for achieving approved ob­
jectives. Dr. James B. Conant, Chairman, and 
the members of the National Defense Research 
Committee, with their staffs, were responsible 
for approving the proposals of Division 3, and 
for reviewing and coordinating its work with 
that of other divisions. 

To the British government and to British sci­
entists we owe a tremendous debt for making 
freely available their knowledge and experience 
gained in several years of defense research prior 
to the advent of NDRC and in active warfare 
preceding that of the United States. On the 
OSRD Liaison Office fell the burden of arrang­
ing for and handling this international ex­
change of information and of scientific per­
sonnel. This exchange, especially in the early 
years, made possible a manifold increase in the 
division's rate of progress. 

Liaison organizations and offices of the War 
and Navy Departments, and their cooperating 
field units, provided guidance as to specific serv­
ice needs, participated in some phases of Divi­
sion 3 developments, and expedited their transi­
tions to combat employment. 

Many other NDRC divisions made available 
knowledge and services to hasten Division 3 
work, and included in their programs comple­
mentary projects which increased the utility of 
Division 3 developments to the Armed Forces. 

The functions of initiating, establishing, 
guiding, supervising, and administering the op-
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erations of Division 3 were well performed by 
its highly competent members, consultants and 
staff, and by the able staffs of the two sections. 
I am deeply grateful to all of them for faithful 
and talented services and for the privilege of 
working with them. 

The principal credit, of course, must go to the 
several contracting organizations (listed in an 
appendix) under which all of the Division 3 re­
search and development was carried out. To 
them, and even more to their personnel, who fur­
nished the ideas, knowledge, skills, and plain 
hard work which constituted the program, is due 
whatever praise the division may have earned. 

In conclusion, I express my appreciation to 

the six authors who contributed to this Sum­
mary Technical Report. For it they gave of 
their time, talents, and efforts in the face of the 
pressing demands of their postwar activities, 
with little indication that the results would be 
worth the effort. As for myself, I am confident 
that they have produced a volume which will 
provide proper perspective for the numerous re­
ports of the division, and which will, in conjunc­
tion with those reports, preserve most of the 
benefits of the division's five years of wartime 
ordnance development. 

FREDERICK L. HOVDE 

Chief, Division 3 



PREFACE 

THE GENERAL SCOPJi; and results of the Division 3 
program are indicated in the Foreword by Fred­

erick L. Hovde. The activities of the Division in­
volved the services of approximately 800 scientists 
and engineers working under eleven prime con­
tracts during the period 1940-1945. Total costs 
were of the order of $25,000,000 for research and 
development and $50,000,000 for experimental and 
pilot production. 

As a part of the effort to preserve the values of 
the Division's work, this summary technical report 
was prepared, primarily for the orientation of tech­
nical officers, engineers, and scientists who seek to 
acquire familiarity with the basic phenomena of 
solid fuel rockets or of the entrance of underwater 
ordnance into water. The volume may be useful 
also to more experienced workers in these fields, 
for review or reference purposes. The principles 
and important results of the Division program are 
summarized as of the end of 1945, as a foundation 
for the study of the substantial advances made 
thereafter by others. 

In this summary, the treatment of the subjects 
listed in the Contents, though it is teehnicnl, does 
not require previous knowledge of the subjects. 
T'hroughout the book, the emphasis is on technicnl 
eonsiderations pertinent to military applica,tions. 
Chapter 14 includes analyses of the military utility 
of solid fuel rockets. 

The information in this report is arranged in 
five parts by authors and subjeets, rather than by 
projects. Each ehapter was written by a single 
author ~ho led Division 3 developments in the 
fields whieh he trents. The four authors of Parts I, 
II, IV, and V were associated with the single Sec­
tion L contraet, number OEMsr-418 with the Cali­
fornia Institute of Teehnology. The two authors 
of Part III were concerned with the activities under 
all ten Section H contracts; they were affiliated 
with the Allegany Ballistics Laboratory, which 
was operated by the George Washington Univer­
sity. The fact that each of the six authors has 
written mainly on the experience in his organiza­
tion, and in n mnnner of his own choosing, has 
resulted in a division of the text of this report on 
the basis of the sections and contraets indieated. 

As a result of this situation, the very important 
subjects of propellnnts nnd interior ballistics are 

presented from three points of vww. In Part II 
Dr. Sage analyzes the problems of developing, de­
signing, and producing rocket propclbnt charges 
of compositions of the sort employed in all United 
States rockets which saw combat in World War II. 
These compositions are generally similar to that of 
trench mortar sheet powder. In. Part V, C. W. 
Snyder reviews these problems from the viewpoint 
of the projeetile designer. Dr. Gibson and Dr. 
McClure describe in Part III the behavior of solid 
propellants of a much broader range of chemical 
composition. 

The functions of the volume teehnieal editor 
have varied for different parts of the report, but 
in general they have been limited to minor revi­
sions and rearrangements of the nuthors' material, 
and the addition of somewhat inadequate footnotes, 
most of them referring to related subject eoverage 
by the other authors. 

:Mathematical treatments have been limited to 
relationships of fundamental importanee, with de­
tails of their derivation and application eovered 
only by references to other reports. The mnthe­
rnaticnl symbols are consistent for eaeh author but 
not entirely uniform among them. Most of the sym­
bols are the same as those used in reports previously 
issued by the authors' organizations. 

Because of the pressure of more urgent work, it 
was not possible to start the writing of this sum­
mary technical report before the surrender of 
Japan. After that, progress on it was delayed by 
the discharge of the authors' responsibilities in 
connection with final reports, contract termina­
tions, transfer of many activities and facilities to 
the Services, nnd postwar engagements. Under 
these nnd other difficulties the six authors labored 
manfully to produce the following report. It is the 
editor's opinion that the advantages derived from 
their superior qualifieations in the subjects covered 
have amply justified the acceptance of the delays. 
The nuthors and the editor have reviewed the 
galley proofs, but the tight publication schedule 
has precluded this process on the page proofs. 

This volume is a somewhat incomplete summary 
of the scientific and technologicnJ results of Di­
vision 3 work. It was not possible, unfortunntely, 
to inelucle much information on the rocket pro­
jectiles developed under Section H, or on the nu-

xi 
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merous applications of rocket technology by that 
section to the development of rocket thrust units 
for airplanes and anti-mine devices, of recoilless 
guns, and of devices which utilized the burning of 
rocket propellants as sources of high pressure gases 
for several purposes. This report outlines the basic 
principles. For complete information on these and 
other Division 3 developments, the F_eader is re­
ferred to the General Bibliography appended, in 
which are listed several hundred of the more im­
portant reports of the Division. 

In keeping with its character as a technical sum­
mary, this report includes information on Division 
3 personnel, organization, contracts, and projects 
only as listings in appendices. No attempt has been 
made to present the history of rockets or of the 
Division's work on them, or to describe the combat 
or other Service experience with Division 3 devel­
opments. 

A popular account along these lines is available 
from the Superintendent of Documents under the 
title "Rocket Ordnance-Development and Use in 
World War II." Little, Brown and Company have 
published a series of volumes on OSRD and its 
contributions to World War II. Of these, the one 
by Dr. James P. Baxter 3rd is the short history 
of OSRD. Of the other long history volumes, about 
half of the one edited by Professor John E. Bur­
chard is a history of Division 3 work, another by 
Burchard and Thiesmeyer describes the work of 
OSRD scientists, including several from Division 
3, in combat areas, and another, by Dr. Irvin 

Stewart, outlines the organization and adminis­
trat,ion of OSRD. 

For many reasons, this report has excluded 
acknowledgments of credit for technical or other 
contributions to the advancement of the Division 
program. The titles of reports listed in the appended 
General Bibliography provide some indications as 
to the types of contributions made by their authors. 
The work of the Division was aided greatly by 
lessons learned from the experience of United States 
and British Service and civilian agencies in the de­
velopment, production, testing, and training and 
combat use of rockets and other ordnance. 

The editor acknowledges his gratitude to all the 
authors for the cooperation they provided under 
difficult conditions in the preparation of this re­
port. It is hoped that the readers will find enough 
value in their chapters to justify a generous toler­
ance of editorial defects. Dr. Gibson, Dr. McClure, 
and the editor join in acknowledging the helpful 
review and comment, on Part III provided by Dr. 
Alexander Kossiakoff, former Deputy Director of 
the Allegany Ballistics Laboratory. Taking ad­
vantage of this opportunity, the editor records here 
the great satisfaction he has derived from several 
years of pleasant associations with the personnel 
of OSRD, NDRC, and many of their contracting 
organizations, and in particular with Dr. Richard 
C. Tolman, Dr. John T. Tate, and Frederick L. 
Hovde. 

ELIOT B. BRADFORD 

Editor 
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SUMMARY 

by E. B. Bradford 

Underwater Ordnance 

Part I of this report describes briefly the un­
precedented facilities developed at Morris Dam 
(near Pasadena) for full-scale studies of the be­
havior of aircraft torpedoes and other under­
water ordnance items on entry into water at 
extreme speeds and angles. With these and other 
facilities, important contributions were made to 
several of the weapons of World War II, and to 
better understanding of the phenomena of 
water entry and underwater travel. The Navy 
continued these operations after the war. High­
lights of the wartime work are summarized in 
the Introduction to Part I. 

Solid Fuel Rockets 

Parts II-V summarize most of the principles 
and practices employed by Division 3 in the 
development of nearly all the rockets used by 
United States forces in World War II combat, 
and of several others not so used. In all these 
rockets smokeless powders were used. By the 
end of the war, several types of rockets had 
demonstrated their utility in many tactical situ­
ations, and Navy procurement of them was on a 
financial scale comparable with conventional 
ammunition. 

ROCKET CHARACTERISTICS AND USES 

In nearly all their uses, rockets performed 
the function of artillery. Lethal or other pay­
loads up to 500 lb were delivered to ranges up to 
10,000 yd, with detonation or other effects. By 
virtue of their self-contained recoil-less propul­
sion, and the light, simple launchers thus made 
possible, rockets achieved big-gun effects from 
such relatively frail mounts as airplanes, small 
boats, light land vehicles, and men's shoulders. 
Fired forward from airplanes, fin-stabilized 
rockets in calibers up to 12 in. were especially 
useful against small hard targets. For faster 
airplanes, spin-stabilized rockets offer certain 

advantages. Rockets used from surface ships 
included the "mousetrap" antisubmarine depth 
bomb, several types (finners and spinners) for 
offshore barrages, and fast spinners (1,540 
ft/sec) as main batteries for PT boats. In 
ground warfare, rocket launchers mounted on 
trucks and tanks drenched area targets at cri­
tical periods. 

The launcher plays no part in propulsion and 
is subjected to little or no recoil force. Its func­
tion is simply to guide the initial motion of the 
rocket along the line of proper train and eleva­
tion. This is accomplished by light rails, tubes 
or slots, or, on airplanes, by the airstream. 

On the other side of the picture it must be 
noted that rockets have disadvantages which 
may include rearward blast, smoke, flash, lack 
of accuracy, limited velocity and range, low per­
centage of weight effective at the target, and 
variation of performance and safety with tem­
perature. 

ROCKET HEADS, FUZES, AND EFFECTS 

The effects achieved at the target by most 
rockets are those of artillery and aerial bombs. 
In elementary rocket theory the head is the 
first item selected or designed, on the basis of 
target effects desired. Since the accelerations 
and stresses of projection are low, the problems 
of head design are generally similar to those of 
bomb design. 

An advantageous property of long-finned 
rockets is their long straight underwater travel. 
This characteristic was improved, by blunting 
the nose curvature, so that 3.5-in. aircraft 
rockets with solid heads were enabled to per­
forate submarines after 130 ft of underwater 
travel, thus making range estimation less criti­
caL 

The requirements of function and safety for 
rocket fuzes are the same as those for shell and 
bombs. Shell fuzes were adapted for spin­
stabilized rockets. For fin-stabilized rounds, 
with no spin and low setback, the fuzes involved 
various combinations of mortar fuze adapta-

-- ; ... ::;.-_ ,:r_ ~---,::;... ~~-
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tions, setback devices, arming wires, air-driven 
propellers, and time delay. Impact was usually 
used to trigger detonation, in some cases with 
time delay. 

An extensive series of fuzes was developed, 
of which many were standardized. One of the 
last fuze developments provides radically new 
performance, especially for underwater hits on 
floating targets. This deceleration discriminat­
ing fuze arms partially on first impact with 
water or target but fires only after it has pene­
trated the hull (high deceleration) and emerged 
inside (low deceleration) or after its velocity 
has dropped to a low value. 

EXTERIOR BALLISTICS 

The behavior of rockets in flight and the 
methods used for its analysis have many simi­
larities to those of shell and bombs. The out­
standing differences are due to the continuation 
of propulsion and acceleration over distances as 
much as 1,000 ft beyond the launcher. With 
spin-stabilized rockets the rate of spin con­
tinues to increase throughout the period of pro­
pulsion. Most of the dispersion of rockets has 
its origin in this period. 

Accuracy has been improved, and the factors 
affecting it have become better understood, as a 
result of thorough analyses of the oscillations, 
precessions, and nutations of rockets in flight. 
The flight behavior and especially the accuracy 
of World War II rockets were undesirably sen­
sitive to changes in temperature. As indicated 
below, propellant developments late in the war 
improved this situation. Wind is a factor with 
several effects on rocket flight, some of them re­
lated to temperature and all of them tending to 
reduce accuracy. 

Fin stabilization provides simplicity, econ­
omy, flexibility in design, and possibilities for 
various combinations of a few heads and motors 
to serve many purposes. Spin stabilization has 
advantages in better accuracy, shorter launch­
ers, easier handling and better adaptability to 
automatic launchers, but it introduces severe 
design restrictions. The requirements for flight 
stability involve relationships among velocity, 
rate of spin, propellant strength, ratio of length 
to caliber (commonly 6 to 7) and weight distri-

bution. One result is that different types of use 
usually require different designs. 

ROCKET MOTORS 

The function of a rocket motor is to provide 
an impulse for the acceleration of a projectile 
or other load. This total impulse is the product 
of the thrust and its duration, usually expressed 
in pounds-seconds. The rocket motor produces 
the thrust as a reaction to its rapid rearward 
discharge of a stream of gases. In the case of 
free flight, the impulse given to the whole rocket 
is equal to the momentum (mass X velocity) 
imparted to it, which is equal and opposite to 
the momentum given the gases. 

For each size and type of rocket there is an 
upper limit to the velocity obtainable, even with 
the payload reduced to zero. This limit can be 
raised by increasing the impulse-to-weight ratio 
of the motor, the motor specific impulse, com­
monly expressed in pounds-seconds thrust per 
pound of initial weight of the loaded motor. 
This ratio is increased by designing for com­
bustion at constant, low pressure in a chamber 
of high strength-to-weight ratio. A basic re­
quirement is a propellant composition which, 
burned in a suitably designed motor, gives a 
high specific impulse. A value typical of World 
War II rocket propellants is 200 lb-sec thrust 
per pound of propellant burned. Multiplication 
of specific impulse by the acceleration of gravity 
gives the effective gas velocity, frequently used 
to indicate the performance of a propellant in 
a rocket. The velocity acquired by the rocket is 
roughly this effective gas velocity multiplied by 
the ratio of propellant weight to total weight. 

The typical solid fuel rocket motor is a steel 
tube, closed at the front end, with one or several 
venturi nozzles at the rear. The nozzles serve 
to maintain the desired combustion pressure, to 
smooth and direct the discharge of propellant 
gases, and, by expanding them, to add about 
30 per cent of the total thrust. Motors for 
finners are usually long and slim, for reasons of 
aerodynamics, accuracy and economy; spinner 
motors are rather short, as required for flight 
stability. Spin is produced by multiple nozzles 
mounted on a circle at angles resulting in a 
peripheral component of thrust. 
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CHARGE DESIGN 

Within the motor is the propellant charge, of 
weight given by dividing the specific impulse 
characteristic of its composition into the total 
impulse required. Constant pressure operation 
of the rocket motor requires a constant mass 
rate of discharge of propellant equalled by a 
constant mass rate of burning, the latter involv­
ing parallel layer burning over a constant total 
surface which recedes at a constant linear rate 
of burning. Constant burning area may be se­
cured simply by grain shape, or it may involve 
"inhibiting" certain surfaces to prevent their 
burning. High density of loading is sought; this 
leads frequently to a single grain charge. Other 
considerations may require a multi-grain 
charge. Low operating pressure is secured by 
a wide nozzle opening, a small burning area, 
and a propellant composition of slow linear 
burning rate. 

CHARACTERISTICS OF SOLID PROPELLANTS 

Of fundamental importance in the interior 
ballistics of rockets are the linear burning rate 
of the propellant and the increase of this rate 
with pressure and with temperature. For the 
propellants used in the rockets which saw com­
bat, the pressure sensitivity was such that the 
equilibrium motor pressure varied approxi­
mately as the fourth power of several motor 

parameters; newer propellants brought this 
power down to about 1.2. 

The temperature range within which the 
best World War II rockets gave safe and de­
pendable performance was -40 F to + 140 F. 
Pressure, thrust, acceleration, burning time, 
burning distance, and dispersion varied by fac­
tors as high as three between the upper and 
lower limits, mainly because of the sensitivity 
of the burning rate to propellant temperature. 
Propellants developed during the war had tem­
perature coefficients from 1.5 down to 0.1 per 
cent change in equilibrium motor pressure per 
degree centigrade. 

The improvements in propellant character­
istics resulted from studied changes in chemical 
composition. The physical properties of pro­
pellants, especially mechanical toughness, are 
important to proper performance under the 
stresses of rocket acceleration. The composi­
tions and characteristics of solid rocket pro­
pellants are surveyed in this report, as are proc­
esses for propellant production. 

CONCLUSION 

Many possibilities for rockets substantially 
better than those of World War II have been 
demonstrated; others are indicated. Several 
chapters of this report include recommenda­
tions as to promising lines for future research 
and development. 
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PART I 

UNDERWATER ORDNANCE 

By E. B. Bradford a 

I N rrs DEVELOPMENT of rocket ordnance Division 3 
and its predecessor units of NDRC led the way 

in virgin territory; in 1940 neither the Army nor 
Navy had any activities or much interest in this 
field. In underwater ordnance, on the other hand, 
the Services, especially the Navy, had extensive 
experience and activity. Nevertheless, the civilian 
and largely academic scientists of NDRC were able 
to grasp the outstanding problems and contribute 
cffcetively to many of them, in the improvement of 
old weapons like torpedoes, in the development of 
new ones like ahead-thrown depth bombs, and in 
the general advance of underwater ordnance re­
search, development, and testing. 

In NDRC, Division 6 (formerly Section C4) pur­
sued rather broad programs on underwater ord­
nance. b Certain specialized work in this field was, 
however, carried out in Division 3, in substantial 
part for Division 6. All this Division 3 work was 
done by two special sections of the rocket contract 
(OEMsr-418) with the California Institute of Tech­
nology [CIT]. Section IV was concerned mainly 
with water entry and underwater performance char­
acteristics of depth bombs, depth charges, and 
similar ordnance; its activities included full-scale 
testing of service and experimental ordnance items, 
model seale studies, and associated theoretical re­
search. Section VII was concerned entirely with 
aircraft torpedoes, primarily with the fundamental 
study of the behavior of torpedoes and their cmn­
ponents on high-speed entry into water in full-scale 
tests. 

Although both groups had as their prime function 
the providing of test data and other information for 
applieation elsewhere to problems of ordnance de­
sign, both participated directly in certain weapon 
developments which found significant service uses. 
Among those involving Section IV were ahead­
thrown depth bombs of both the spigot-projeeted 
(Hedgehog) and rocket-propelled (Mousetrap) 
types, retro rocket depth bombs for the attack of 
submarines by MAD-equipped airplanes, and the 

• Volume editor. 
b Sec Division 6 Summary Technical Report. 

forward-firing aircraft rockets which were so effective 
against underwater targets as well as others. Sec­
tion VII, starting with model test indications from 
a Division 6 program, developed the shroud ring 
modification for the tail of the Mk 13 torpedo, and, 
in the summer of 1944, provided the first 1,000 of 
these to go to combat areas. This modification 
eliminated the serious restrictions imposed on pilots 
by the older torpedoes; with the new ones they were 
enabled to release their torpedoes at any speeds of 
which their airplanes were capable, from higher 
altitudes, and still secure more hot, straight runs 
than they had formerly from lower and slower 
approaches, with their greater exposure to AA fire. 

In Chapter 1 of this Division 3 Summary Tech­
nical Report, Dr. Max Mason, who headed Section 
IV, outlines its principal activities and results. In 
Chapters 2, 3, and 4, Dr. F. C. Lindvall summarizes 
the Section VII work under his supervision. Both of 
these summaries indicate the seopes of the programs 
and of the special facilities and instrumentation de­
veloped for them. Each serves as an introduction 
to an OEMsr-418 final report volume (eited) on the 
work. Several hundred copies of each of these 
volumes have been distributed through the War 
and Navy Departments. 

Sections IV and VII were both set up initially 
to provide and operate new and unprecedented 
facilities for the securing of full-scale test data not 
obtainable as accurately or as economically by exist­
ing practices. The principal facilities of both 
groups are located at the Morris Dam Reservoir in 
Southern California. Together with records and 
experienced personnel, they were taken over by the 
Navy in late 1945. They are now being expanded 
and operated under the Naval Ordnance Test Sta­
tion, Inyokern, California, as parts of the Navy's 
peacetime unclerwa ter ordnance program. The 
Section IV facilities were designed and used to pro­
duce data with laboratory precision from full-scale 
launchings duplicating pertinent conditions of oper­
ational use of several types of underw~"tter ordnance. 
The data obtained covered air-water trajectories, 
accuracy, sinking spei~d, and fuze functioning, as 
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2 UNDERWATER ORDNANCE 

well as the effects of shape and weight distribution 
on these aspects of performance. The Section VII 
facilities provided for the launching of torpedoes 
into water at extreme speeds and angles; rather 
elaborate external and internal instrumentation was 
employed to provide detailed information on the 
behavior of torpedoes and their components under 
these conditions. Thus, in both cases, it was 
possible to get more, and more accurate, informa­
tion than that obtainable from service-type tests, 
with their complications as to time, weather, man­
power, availability and limitations of airplanes, 
ships, equipment, etc. The method previously used 
for securing comparable data on torpedoes, for ex­
ample, had been to drop them from available air­
planes (frequently not fast enough) and try to see 
what happened-the limitations are obvious. With 
the new facilities, many features of underwater 
ordnance designs could be established more defi­
nitely at earlier stages of development, with service­
type testing required for little more than final proof. 

In both sections programs of basic research were 
carried on in association with thetesting activities, 
to provide foundations for further advances in 
underwater ordnance. These programs are out­
lined by Mason and Lindvall, and presented in 

detail in the CIT final reports which they cite as 
bibliographic references. 

To complete the picture of Division 3 torpedo 
work, an early, stopgap development may be men­
tioned briefly. In 1943, in an effort to provide a 
way around the limitations of the Mk 13 torpedo, 
CIT developed a device which decelerated it by 100 
knots between release and water entry. This was 
accomplished by an assemblage of rocket motors so 
mounted on the torpedo as to exert rearward thrust 
during the free fall, and to detach itself before entry. 
Such devices performed successfully in torpedo­
dropping tests at the San Diego Naval Air Station 
and the Newport Naval Torpedo Station, but were 
not adopted for service. 

In considering the summaries by Mason and Lind­
vall, it must be remembered that World War II 
ended with the various research programs in widely 
differing stages of completion. Hence, aHhough 
much has been learned about some items, there are 
many others in which the surface had barely been 
scratched by the time the activities under the 
OSRD contract were taken over by the Navy. In 
these cases the results should be considered as pre­
liminary surveys indicative of the direction in which 
further work might fruitfully be pursued. 



Chapter 1 

ANTISUBMARINE WEAPONS AND UNDERWATER BALLISTICS 

By lJ1 ax Jl1 ason n 

1.1 INTRODUCTION 

T HE UNDERWA1~ER ORDNANCE STUDIES of Section 
IV of the organization which grew up at the 

California Institute of Technology under Contract 
OEMsr-418 had two main aspects: (1) the building 
up of spceial facilities at Morris Dam, and their use 
in tests ~\,nd development of antisubmarine ord­
nance, and (2) mathematical and model scale 
studies of the fundamental ballistics of water entry 
and underwater travel. These are covered under 
separate headings in this chapter. 

u FULL-SCALE WEAPON TESTING 
AND DEVELOPMENT 

Throughout World War II Morris Dam con­
ducted full-scale and largo-model tests for which no 
eomparablc faciliLies were available elsewhere in 
this country. As a part of the testing program 
about fifty different service devices of the United 
States and British Navies were studied, and meas­
urements of their underwater performance reported b 

for evaluation, guidance of design changes, and 
other uses. 

Similar testing services were provided for Divi­
sion 6 (formerly Section C4). Among the ordnance 
items to which Morris Dam contributed in this way 
were the following: 

Depth charges, Mks VI, IX, XII, and XVII. 
U. S. versions of the British Hedgehog projectile. 
The Mk 24 mine. 
The antisubmarine scatter bomb of Divisions 3 

and 6. 
The British Projectile Type C (Squid). 

• Supervisor of Section IV (Underwater Properties of Pro­
jeeti1es) of Contract OEMsr-418 at the California Institute of 
Technology. 

b All reports issurd by Section IV are included in the 
general bibliography appended to this volume, 1mder OE:Msr-
418 file series IBC, IEC, IRC, IIC, IOC, IPC, JHC, and JPC. 
The bibliography of Water Entry and Underwater Ballistics of 
Projectilesi lists these reports under several subject headings. 
They are listed also by a different subject classification in the 
N"DRC Summary Technical Report Microfilm Index. 

Numerous pistols and fuzes for these and other 
weapons. 

In addition to providing these test services, the 
Morris Dam group participated directly in the de­
velopment of several types of rocket ordnance for 
the attack of underwater targets, as indicated 
below. 

1.2.1 The Problem of Antisubmarine· 
Ordnance 

In the period following the first World War the 
detection and loeation of submerged submal'i.nes by 
echo ranging ("sonar") was highly developed. By 
this means both direction and range of a submarine 
could be determined from a single ship. The stand­
ard depth charge remained, however, the only 
ordnance for attftak. This was a very ineffective 
weapon. Among its shortcomings were slow sink­
ing speed and rather erratic underwater trajectories. 
Although such depth charges could be thrown from 
large ships, they had to be dropped from small ones. 
In both cases the number which could be launched 
from one ship simultaneously or in quick succession 
was limited. Theirfuzes functioned at preset depths, 
whether ne~tr the submarine or not. Sound contact 
with the submnrine was frequently lost because of 
the maneuvering required for dropping the depth 
charges and the disturbances caused by their ex­
plosions. Better antisubmarine ordnance, prefer­
ably usable froiU small ships, was urgently needed. 
This view was emphasized by the results of British 
statistical studies of depth charge attacks. 

Attention was therefore directed to fast-sinking 
bombs fuzed to detonate only on contact with the 
submarine, and to the projection of a number of 
such bombs forward from the hunting ship during a 
sonar fix. In this way cat-and-mouse tactics could 
replace the blind-man's-buff method of the depth 
charge. The effectiveness of this type of antisub­
marine armament was indicated by British work on 
the development of the "Hedgehog," first of the 
"ahead~thrown" weapons. This consisted of an 
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nrray of 'J>igot launcheT'<' . from which a subst:mtiol 
number of cont:t<'l-fuzed depth bombs, cad• lilll­

t:~ining nhout :l5 lb of high explo;ive, were Jlto­
jcet<·d O\'N the bow. Tu the absence of :1 hit, there 
W:\S no cxplosioo, and sound contact wns r<'tninNI. 

1.::.:: E~tublisluucnt of Morris Dam 
Laboratory 

J)cvclopnwnl of uahcad-tlll'own ' J or<lnanc·o for 
U. S . production and usc requited facilities fot· 
studyin~ b~hnvior of t.he projectiles on cntct·i nl( into 
:u>d prot~rding under water , and for oh;erving fuze 

• 

~icntific Reocareh :lid Development; teehnical 
~u1~rvi::.ion for the government was the rr~pon~ihility 
of Section C! (later Divisiou 6) of :\'DHC'. The 
engineering talent for desi!,'ll and operation of the 
1ww facilities came mainly from th<' ('IT 200-in. 
telescope project, on which ncti\'ity "'"' •ustl<'ndcd 
during World W<tr I I. A gcncml view of th!' instal­
la tion is shown in Figure 1. Tho lit·,;t work at the 
J\ [o1·ris Dnm wus in <:oOp<'l'lltiun with other C-1 
acl i,·itie• a t 1\ew J,ondon, on the tcst inil: of depth 
dotli'!(CS and t.hc design of fm;t.:;i n k inp: bom hs. 
~tudic:; of rockct-propcllNl !lnl isubmnrino or·dnancc 
:S()OD bP\'fuue an importnnl nc::ti\'il)', and from 
June of 19!2 the activit icR W('f<' indutll·d in tho~c 

FIGUHt: L General view of :\'l onis Dtun nnd testing fMcilitieJ:~ . S pla!;h near the center of the J>itt.ure indic,:at.<':s 
projectile has just bc~n launched down one of the rnm)>K. Nets and targets used fot• rlet.crmining t.rnj(!ctot·ies 
and 1·eeovering the projectiles s.re !;hOwl'! nt. the right. 

ndion. To meN tlw><e and rclat<'d nc<-d>, the 
:\lorrii Dam l~•horntory was estahli;;hffi in .\llgl"L 

19-11, by tlw C'alifornin ln•tituw or Technology 
under ('on tract OE:O.fsr-329 willl the Office or 

... 

under ('ontmd OE..\L;r-118, "hich OO\'Cte<IIIU' CIT 
roek<'t de,·elopmcnts then nnd<'r S..•·tion f' or Di,·i­
sion .\, .:\JHlC, :lllcl, after D<>t-cmber l!l42, under 
Divi~iou 3. 

---_:-_ -
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J.2.3 Mousetrap--an "Ahead-Thrown" 
Depth Bomb without Recoil' 

Because of its recoil effects, the Hedgehog was 
usable only on fairly large shlps, with well-braced 
foredecks. In 1942 there were not available enough 
such craft to meet the urgent submarine situation. 
To provide equivalent striking power for smaller 
craft, CIT developed a weapon similar in use and 
effectiveness to the Hedgehog, but with recoilless 
rocket projection instead of spigot gun projection. 

This armament, known as "Mousetrap," resulted 
from collaboration of the Morris Dam group with 
the rocket group. Its development involved deter­
mination of the best head shape, weight distribution, 
and fin eonfiguration to provide maximum accuraey 
in launching, air :flight, oblique water entry, and 
sinking. With this weapon many smaller ships were 
equipped with effectively the same attack power as 
destroyers, and antisubmarine patrols were sub­
stantially strengthened. 

l.2A Retro Bombs for Antisubmarine 
Aircraft" 

The development of the 'magnet'it a·irborne detector 
[MAD] presented an analogous problem. Until the 
advent of the sonobuoy, MAD was the only device 
by whi(•h an airplane could detect an invisible, sub­
merged submarine. However, it indicated location 
only when directly over the submarine. Conven­
tional aircraft armament was at a disadvantage in 
this situation. The rocket and underwater ordnance 
groups at CIT eollaborttted again, to eoneeive and 
develop a type of armament suitable for use with 
MAD. For the ammunition, heads adapted from 
the Mousetrap were used, mounted on rocket 
motors which propelled them at speeds to match 
ttircraft cruising speeds. Usually mounted twelve 
under each wing, these were fired backward on 
MAD indications (after exploratory passes) to enter 
the water in tt pattern across the area in which the 
submarine had been located. Here the problem 
was one of substantially vertical fall, water entry, 
and sinking, with the accuracy problem compli­
cated by oscillation of the missiles at entry. 

c The Mousetrap rockets are described briefly in Chapter 18; 
retro-rockets and their eompo.nents, launchers and employ­
ment are covered at gteater length in Bureau of Ordnance 
publications and other reports listed in the general bibliog­
raphy appended to this volume. 

1.2.5 Aircraft Rockets for Underwater 
Targets' 

The third and most successful project on which 
the Morris Dam group collaborated with the Divi­
sion 3 rocket workers at CIT was the development 
of rockets which, fired forward from diving aircraft 
to enter the water at high speed, and after some 
distance of underwater tmvel, would hit an under­
water target with energy enough to penetrate the 
hulls of submarines and thin-skinned ships. Here 
again the ballistics of air flight, water entry, and 
underwater travel had to be combined to secure 
maximum range and accuracy and to determine the 
best dive angles (and hence water entry angles) for 
attacks. 

1.2.6 Facilities for Testing Underwater 
Performance 

A major part of the work of the Morris Dam 
group was the devising of instrumental means of 
study and rneasurement. The principal facilities, 
described in detail in the Seetion IV final report, 1 

arc summarized in the following paragmpbs. Ex­
cept for item 6, all these are at Morris Darn. 

1. A large sound range for observing time-position 
relations, with a horizontal recovery target 50 ft 
by 50 ft which can be lowered to 180-ft depth of 
water and a vertical target 62ft by 70ft for shallow 
entry. These can be seen in Figure 1. Continuous 
records are obtained from six hydrophones and a 
six-channel oscillograph. The coordinates of under­
water trajectories are obtained without arithmetic 
reckoning by a special computing device. 

2. An electrical net, and other net equipment, for 
determining shallow trajectories which cannot be 
evaluated with sufficient precision by the sound 
range. 

3. Rocket and blowgun launching facilities, ad­
justable for obtaining desired air trajectories or 
entry angles, with entry velocities as high as 1,000 
fps for l-in. diameter specimens and about 900 fps 
with 70-lb projectiles. The high entry velocities are 
a special objective of this facility. 

4. Facilities for taking underwater motion pic­
tures of bubble and cavitation phenomena down 
to the maximum depth of the lake. 

5. Facilities for underwater impact tests and fuze 
tests. 
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F'rcum; 2. Behavior o£ um·ented torpedo model. Side and bottom views of oblique entry show how the water 
clings to underside. 



FU(J.,.SCALE WEAPON TESTING AND DEVELOPMENT 

F TCURE :3. Behavior of model with \'Cnted nose. Side and bottom views of oblique entry show how venting 
has relieved urlde1·-pt\~ssure which pr oduced turbulence shown in Figul'<: 2. 

7 
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G. In the laboratory at t.be Institute, a 24-ft by 
-1-ft by 'J-ft gluss-wullcd model bulk pro,·iding 
cul t y vdocil.ies up t.o 180 fps for l -in . Ol' 2-in . 
models. This is equipped with an entry wh ip J'e­
cordcr, Edgert.on-type stroboscopic light•, "''" :l 
number of special types of high-speed cameras. 

u MODEL SCALE AND THEORETICAL 
STUDIES OF WATER ENTHY BALLISTICS 

Dming the c:nlicr part of World War 11 t.be 
demands on the :Morris Da m fa.,iJit ies fur ~tudy 
and t<·~t of t-:<'rvic<'t otduance were so great thai. btu .. 
sligh~ attention could he paid to furt hel'ing !he 

Later (in 19H) Cm]lhasis W(IS placed on this type 
of work . The equipment mentioned in item G of 
t.he list of facilit ies was p•·oduccd in the effort fot 
quan t.i!ativc results of precision on model bcbaviot 
at water eulry, including t.hc effects of g<)Omctric 
SC(tle, of en try velocity, and of oU1er cnt1·y cond i­
t.ions npon the underwater h<lh:wior of projectiles. 
Some problems were ailMked mat.hcmatiC:llly and 
checked b.y cxpcrimcn t . k.:xtensive siudjes ·were 
m:1dc on modds of t.he :.Vfk 13 :.VIod G torpedo, to 
complemen t the full-scale l<,sts t:arricd out under 
Section VII of 01'::\Is•·-HS. (Sec Chapter 2 of this 
,·olum<,.) 

The following pat·agrapbs out.l inc tho scope uf 
Water l':ntry mu} t ·ndcnc(lte>· Ballistics of 1'1'ojectilcs,' 

f'l(am~ 4. A s1w.dowgtaph1 such as this one. showirtg vertical ~nt.ry of sphcl:0, permits study of fotm of 
water surface dm·lng impact. 

undct·standiug of the hydt·odynamics <>f l·he wat<)r 
entry of proj('ttil<;s . A small glass-walled l.ank with 
'' l:nmch ing c:Hi<pult IHHl been set. up in the hbora­
tory and used for quantihttive experiments with 
sm:lll modds . Rrhtcd studies of model behavior 
were conducted by the Aldcu Hydraulics T,ab<ln<­
tory at IVotcester, i\Iass., under an Ol~Msr-HS 

subcoutract. 

the flMI report. • miller OEM•r- 118 on the work of 
Section 1 V. 

Au understanding of t he details of dynamic bc­
haviot· of t.he entrance of projectiles into water mus~ 
fo•·m tnc basis for ~ne 11pplicaiion of maUlCmatical 
:Hlnly~is to these complkated phenomena . These 

d Sevtn'll hundn:d <;Opi(~:; of this aJHI ot.her OBi\r~r--118 final 
reports ·were distributed to t.hc- Services. 
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details <:an be studied most. accurately with models 
of gn·ally reduced scale hy the :lid of modem high­
spc<:d photography. A mailer of primary im­
po•·ta•u·e for practical design is the ability to pred ict 

full-sc:1le beha vi01· from model behavior . The report 
devotes considerable length to this problem. An 
end result. is tha t undcr-pressnre in fill ai1· pocket on 
the lo"'<:r surfllce of lhe nose of t he projc<:til•· a t 

FH~URt: 5. Strol.)OSCOJ)i(: nu!t..hods p~rrnit study of flow patterns of fluid in neighborhood of projcctiJes. Here, 
with 300 light. flashes per second, displacements of ilhnninated bubb1es show motion of water dm·ing vertical 
entry of steel sphere. 
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entry plays 3Jl important role in the behaYior of 
small models; by relieving this undcrprcssurc by 
"vcntinl(,'' s.'l.tisfactory modeling may result. Thr 
eO'cct of ~uch ventiug i~ illustmt~d in l•'igures 2 and 
3. The report also brings ouL t.ho itu portancc, in the 
cnsc of high-velocity projectiles, of modeling on a 
velocity or "stress11 ba$is1 as <:ontmstcd wit.l1 .~·t'oudc 

scnlinp;. 
Experimental results concerning the impact de­

celeration of sphcrt':i and <·<>n~~. the form of tbe 
wster surface durin~ imp.'ll'lr nud the flow p. .. "llt<•rn~ 
of th~ fluid in the nci~thborhood of projectile.. :u-c 

Because phenomena s..'SOciated with ,-enting do 
not appear to haxe lx.>en di•cusscd elsewhere, special 
at wntion is devoted to ui~cu&<ion of experimental 
>tud thcorcti<:tll aspects of ibi.s importaut subject. 
(.;ompm·isons bcLwcen mod~l nnd prototype behav ior 
luwc been presented in all CtW~8 fo•· which adequate 
obscrvatioMI material was nvallal>lc . Although 
scale ciT eels m·e apparent in t he details of projectile 
IK'hn,•ior, high-velocity adNtuat~ly ,-eotecl models 
may. in geneml, be rcUed \IJ>Ot\ to reproduce the 
Jll'Otot~·l~e 1mjeetorr within n few diameters o,·cr 
t<•n to twch·e length• uf uaul•••·wnter tra,·el. The 

F IGURI>: 6. Ent·ly dovoloruuent of sep;nation flJm of air bc.twc<:n solid und fluid. 

reported, togethe1· with l<••l~ v•lnblishing the ab­
~cntc of app•·eciable ten~ional strc:<.• in the flu.id 
during its SC!>:tr-ation from the projectile or of ~ig­
nificant shear stress during illlJ)11Cl. 1''igures -1 :md 5 
illustrate photogr~phk method• that were used in 
making these studies. 

,\ hy<l!-od),lamical thcOJ'." of the initial stage of 
the \'ertical watm· impa\'1 of Rphcrcs is presented, 
which leads to decclemlions Lh•·oughout the impact 
s tage in <!lOse ac;cord with expcri u1enL. A dynamical 
theory of the underw:llt'r truj<•<:lnry of a projectile 
in terms of a set of ten suil:tbly chcMcn coefficients is 
included, together with n corresponcUng dyuamic:•l 
analysis of the impac~ pha~c. 

behavior of :-- tk 13-6 uircnlft torpedo mo,]el.s hus 
been CS)lecially catefully •tudicd :1ud found to agree 
rc:Uionnbly well with the bcba,•ior of the prototyp<' 
dummy. The trajectori"'l of l-in. to -in. models of 
this to11ledo have been obtain<·d 111 ~utry angles in 
ihe 11lllgC 12 to 35 dC!!TCl'S. 

As 1111 itltroductiou to tlu: dctnilcd study presented 
in lntc•· <·haptc•·s, an explanation of (Jilalibl!i,·e 
nature is given in Chapter 2 of t.he SccLion I V fin al 
report, by cxbibiiing a set·it•8 of photographs of 
water entry which show motion of the water surface, 
the velocity of water p:u·tielcs throughout the 
liquid, and the form of the ui•· cavity produced by 
the entry. The various stages of entry arc clearly 
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seen. First comes ihe impaci stage, of short dura­
tion and high local pressure, during which period 
the water motion is set up . During this st.age the 
water adheres to the nose of t.he specimen, M·ising 
short.ly to form a thin splash sheath, as shown in 
Figure 6. 13fforc the nos(} has penetrated far , 
usuaUy less t.han one-half diametel', separ~tion 

occut·s between t.he solid and fluid, and a re-entrant 
caviLy results, as in Figure 7. In the next stage the 
cavity becomes well developed a bou i t.he nose Mld 

Chupter 3 of the Section IV final report presents 
a series of t rajectories of both high-drag and low­
drag projectiles, and gives a discussion of the 
change in form to produce desired pt·ojectilc be­
havior. Tests on ;mtil'icochet characteristics are 
included. 

Tn Ch!\ptcr 4 a general discussion of f.he problem 
of modeling is gi,·on. 

Chaptel' 5 discus&~s nearly a dozen secondary 
cfi·eet.~ which might influence model behav ior . T hese 

FICURE 7. Subsequent development of nan·ow <:ntry cn\"ity. 

may pel'sis~ with a well-defined separation poin t., :ls 
in the case of bluJT, high-drag nose slw pes, or i~may 
lend to f:Onfonn closely to the nose contours, as in 
tbe case of fine slre,Hn lincd noses. lt1 the final stages 
of mot.ion, the cavity seals from the atmosphere, as 
in Figunl 8, 1111d g1·aduaUy closes about the speci­
men, t.O be dispersed into" series of bubbles. The 
photogmphs presented in lbe report proceed from 
vert.ical entry of sim ple shapes io oblique <lnl!·y of 
model projectiles. • 

~ l"or a much larger nufnhtr of pllOf<>gmph.'J of sirnilar char­
Mtcr, se.:: r(: f(·rf$n~..o-e 2. 

<'fi'ccts wc•·c investigated brietly, for lil<l purpose of 
determining their pnldical sign.ificnn cc in modeling 
high-speed water ent.l'y . They in <;Jude t~tn k-wall 
efi·ects, itclhesion, tensional stress, surface condit.ion 
of specimen, smface tension , externally impressed 
pressure and vapor pressm-e, (:Olllprcssibility of 
fluid , change in compressibility of the solid, gravita­
tional accele1·at.ion and fi<lxnre of specimen. Among 
other things, t.bey show Lhe import.an(:<) of the vis­
cosity of the ,tir in p1·oduci.ng under-pressure under 
t he nose of Ute model. 

Ch<lptcr 6 presents t.heoretical and experimental 
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invcst ig,ttions of nose under-pressure with manv 
deiails on the action of the venting. 

Chapter ? presents a t h<lOr<ltic,ll 'Hrd nHlihematical 
t reatmen t of lhe undm·w,tler t.t·ajeclor, · of projectiles . 

Chapter 8 presents a mathcm,tticu l t.rcatmcn t of 
the impact of" spl"m' on water. 

Chapter 9 gives experimcn t.al studies of the 
iiDpact stage and indudt's the imptu;t, drag 0 11 

Chapter ll consists of recommendations for a 
eontinuat.ion of invn.st.igations of this t.ype. H. dt,als. 
with experimental and r heoretical procedures and 
t he development of cxpcrimentul fucilitics . 

Apper1dix I deserilw.< tlw ) forris Dam facili t.i~' 
in considerable detail. t 

Appendix 2 describes tlw mo<l<'l and hrborl\tor·~· 
facililies n~ed. 

FIGURE 8. Sm·face closure of cavity. 

spheres and cones, t.ho t-angent ial force 011 a sphere, 
t he im puct lift coefficient of a sphere, and t he 
variations of enLt·y 'iYhip wi th nose curv.:1ture. 
Observations of entr-y whip are by means of an 
opt.i(:fll lcv<·r Sy$lem which giY<•s high accuracy. 

Chapter 10 presents a latge amount of expeti­
men tal resul ts on model similitude for ll Yarie ty of 
spe<:irncns of widc1y difft~r('nt sizt\S t1 nd wi th spc<· i ~)l 
emphasis upon (.orpeclo models. 

T he bibliography lists all SN:lion J\' reports ( I 17) 
classi fied by subject .. ' 

Throughout the book arc references to tho ch>u·­
acf.erist.ies of Sen- ice types of underwater ordnance, 
in t he perspective of t he phe11omeM being discussed . 

r All these rcpo1·ts are included iu th~ gcn('mi bibliogn1.phy 
;l.ppended to this volume. 'fhcre tlwy are list<·d hy ()};i\l~r4 18 
idcutilkation n umbers, rather than by subjcd . 



Chapter 2 

AIRCRAFT TORPEDO DEVELOPMENT AND TESTING 

By F. C. Dindvall• 

2.1 INTRODUCTION 

CHAPTERS 2, 3, AND 4 present in summary form 
the activities and results of the torpedo launch­

ing group (Section VII) which operated at the 
California Institute of Technology under Contraet 
OEMsr-418. Although this Division 3 contract w~ts 
concerned primarily with rocket developments, the 
inclusion in it of torpedo studies was advantageous. 
The immediate object of these studies was the 
measurement, in full-scale launehing experiments, 
of the phenomena associated with the entry of a 
torpedo into water after release from a fast airplane 
at a relatively high altitude. This work, like the 
broader Division 6 torpedo program of which it was 
really a part, haclns its ultimate objectives the pro­
viding of torpedo-plnne pilots with more effective 
torpedoes and more freedom as to altitude and speed 
of flight at the time of release. 

Out of the CIT studies came the shroud ring 
modification of the Mk 13 torpedo, which demon­
strated in combat and in tests its superior per­
formance under the most extreme conditions likely 
to be imposed by use from present types of earrier­
based aircraft. Other results included substantial 
contributions to the design of the i.·ik 25 torpedo 
and to the general ar.t of torpedo development. 
Starting from scrateh in 1943, the program involved 
development and operation of launching facilities, 
of associated photographic and other equipment for 
recording the external phenomena of entry and 
underwater run, and of torpedo-borne instruments 
for internal measurements of stresses, accelerations, 
orientation, etc. Studies of torpedo eontrol com­
ponents and engineering design and structural 
analysis of torpedo bodies and components were 
also included. 

Only brief cleseriptions of the work and its results 
are given in this summary. All aspects are covered 
completely in the final report b of Seetion VII .1 

" Supervisor of Section VII (Torpedo Launching) of Con 
tract OEMsr-418 at the California Institute of Technology. 

1' All earlier reports of Section VII arc included in the bibli­
ographies of the final report and of this Division :3 Summarv 
Technical Report. "' 

c ' -

2 ·2 NEED FOR IMPROVED AIRCRAFT 
TORPEDOES 

The U.S. Navy began World War II with an air­
craft torpedo designated Mk 13. During the period 
between wars only limited expc~rimental facilities 
were available to the Navy Torpedo Development 
Group, aml little experience had been accumulated 
with this weapon. As a result, very conservative 
tactical limitationH on altitude and spE'ed of re­
lease had been set whieli were serious handieaps in 
combat use. Even with thet>e limitittions the water 
entry behavior of thiH torpedo nnd the subsequerlt 
runs were considered unsati~factory. Early eombat 
experience with the Mk 13 in aireraft drops was 
reported as discouraging. Hooking and broaching 
occurred with distressing frequency. There was 
obvious need for aircraft torpedoes which could be 
released at higher altitudes and higher airplane 
speeds with better entry and run performartce. 
Such improved torpedoes were needed not merely 
for the rather slow torpedo planes then in use, but 
even more for effective exploitation of the potential­
ities of the faster aircraft then under development. 

Investigations tow:.ucl this end were initiated in 
Section C4 of the National Defense R.eseareh Com­
mittee. In the winter of 1942 to 194:3, at the request 
of the Bureau of Ordnance, NDRC embarked on a 
two-pronged attack on the problem. First, the 
existing ::\Ik 13 was studied with a view toward 
improvements in components and design by whieh 
the effectiveness of the weapon could be inereasecl 
immediately. Second, a completely new design 
(nmv designated M.k 25) was undertaken. Within 
NDRC, general responsibility for this program was 
assigned to Division 6.c To Division 3 were 
assigned the essential fundamental studies of the 
hydrornechanical phenomena associated with the 
entry of torpedoes into water at high speeds. All 
Division 3 work in this field was carried out by the 
California Institute of Technology, which estab-

c For a broader account of vVorld War II developments in 
aircraft torpedoes, sec Volume 21 of the Division 6 Summary 
Technical Report. 

l3 ---. 
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lished ,, new •ecl i< •l1 ( \' I n for il ll ll(IN' f'ont.rnct. 
OEMsr...J 18. 

u T Ern SI:IROUil lHNG 'l'AJL 

One of the most spectacular resu lts of the CI'r 
work wa-s the shroud ring modifirntion of til(!- t.nil 
of t.he Mk I :3 Lo1·pcdo, de,·elopcd irt Ul·14. 

D uring some of the early launchings of dummy 
Mk 13 units with S!X'tial hnu·t•:; in tlw fail st.nu·1 urc, 
iv wa~ ol>s~rved lhat. thcit· addiLional drag greatly 
stabilized t•he entry 1 minio>izing the lendcnc:-r of the 
projectile to hook and to bro,>tb. Farly work by 
Section IV ttt ?dorris ])am on ((1\{ouset,rn.p" ttntj. 
s nhmarine rockets led to the. use of a r ing Lype of 
tail for stabilizing t he UllclcrwatN trajectory of thnt 
won pOll . :Mode;! ,t,udks J in tllC' C.rf high-speed 
watet t1mnel under a Division (~con tract on a ting 
type of tail for· improvi11g the underwater stability 

FIGURE r. Shroud t•ing Mk 1 Mod 0 "ssembled 
oo a Mk 13-2A torpedo. 

of lhe l\•lk 13 torpedo Jed LOa sb:roud r ing hav ing low 
drag in the steady run . \\'orki11g with t.be water 
t unnel group, Section VTI mane and tested ful\­
sCitlc designs of sueh ring l1\ ils on ) •Jk 13 torpe.doe~. 
One of these is shown in Fig\trc l. I t is fabricated 
of steel with a. st.rcamlincd c:ross scc•tion of %-in. 
ma.x.imum thickne~;s. The t·ing stiO'ens lhe guide 
Vlll\es llht teriaUy and affords protection to the tail 
st.ructure at entry. Tests at the bnnc)hing range 
demonstrated th:<t these ring tails enabled Mk 13 

lorpcdoc.s to cuter t he wn.icr at higher speeds, with 
)(;';o;s hooking ancl broadaing,. ;lnd wit.h rnore sf~1bili t,r 
in tiw·ir nnderwftter runs. 

The Cnlifon>ia lnst.itutc convcm<:d a number of 
!\ fk l:3 torpedoes to shroud ring COtlsta·uc~tion for usf~ 
by lhe Naval Air Station! :->an D icgoJ in training 
(l!·ops. The •·csponsc of t.he Orchlilm:c' Officers nnd 
'l'orpetlo Squadron per;:;onnel to the improved pet­
form.ance wss enthushlst.ic. Dcmonstrat.ion exer­
cise~ wen~ cotHh.lttcd ngu in~t m:meu\·ering target 
«hips ul.ili•ing both standard and rin.g tail totpedoes . 
In compliance with :\ 1·equcst initi >ttccl by the Ai•· 
Station, CIT m~dc aml in~k1lled a substant.ial mnn­
ber of shroud ting.s on torpedoes for issue to Lhe 
Fleet . Subsequent tests at l'''"rl Harbor led to n 
request t hrough t he l~ureau of Ordnauce a.rHI 
~DRC for expansion of the conversion progt·tnn, 
with the xcsult that C.lT modificJd upproximatdy 
1,000 ~1k 13 torpodoes for service use . ·Many of 
these went. immediately into combat use . Naval 
st.ations, with the uirl of phrns »nd sp<lCificJtt ions 
suppli<ld })y CJT, cont inued the conversion program 
on a huger scale. 

~lcnnwhile the Snn Diego 1\,\va\ Air Sl.alion was 
adding to t he evidence of superior shroud ring per·­
formancc ar. val'ious htmwhing ~P{:!eds from 1:)0 (o 
300 knnl.s attd ent.ry angles [n)m 20 to 35 degt·ees. A 
reporL cir·cu lated in July l9H, on lMmchiogs at 
San Dicgot in<.lkntc~l rQmparat.i vC" pC-!r(orma nc6 as 
follow>: 

TQI·pedocs dropped 
1 rot and st.r:.ight. 
Bot nnd st.raigbt., with 

hook)'( U1hfcr 25 yd 
llot and s traight, wi(,l, 

With Slli'oud Riog 
2 18 
204 9~.G% 

199 91.2% 

\Vit.hout 
3.;s 
2Stl 80.7% 

210 58.7 % 

hook:; over 2Ji y{l 5 2.3% 79 ~!% 

The Rrst combnt Mtion was on August .J., 1944. 
Continuing combat cxpcl'icnee, !o'()mo involving ac­
t ion$ in whic:h both st,>ndard and ring tail torpedoes 
wete used, confirmed the Sllperior pcrform>ntcc of 
t be latter, in incrca•r.cl pr.rc:entages of bot, straight . 
and normal runl'S} when_ rele~1sed from airplanes at 
higher a ltitudes and speeds. The l'i.ng tnil mo<li fica.­
tion of the ::Vlk J 3 Lorpcdo was c\stablished as a 
wcnpcm (i;p,1ble of wilhstmtcUng :my entry COl>di­
iioM "'bicb COILld reasonably he impo%cd by exi•t ing 
carricr-h<lsecl aircraft. 

A natur<•l eousequettce of the stnhilizntion of 
water entry is that t.hc ring tail torp<:do lends lo di,,e 
somewhat mor(' deeply ~ban the original l\1k 13, 
which is likely to make a shallow dive followed by a 
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severe broach. As a compensating advantage, the 
ring tail torpedo can be made to enter at a flatter 
angle without damage or serious broach and thus 
achieve a shallow dive. Many tests made by the Air 
Station at San Diego in shallow water indicated 
that the deeper dive of the ring tail torpedo need 
be no taetical handicap. Studies at the Newport 
Naval 'l'orpedo Station showed that the ring could 
be moved forward on the guide vanes to effect a 
compromise between the greater stability of the aft 
position and the instability of the bare tail structure. 
The depth of dive with the ring in the forward 
position is somewhat reduced; however, the combat 
need for this torpedo was so great that the conver­
sion program for the ring in the aft position, which 
was already under way, w-as allowed to proceed so 
as not to incur the delay which further testing of 
ring position would have required. In any event 
the big improvement of the Mk 13 performance 
came from the introduction of the ring, and changes 
in performance resulting from differences m nng 
position would necessarily be small. 

2 .4 OTHER IMPROVEMENTS OF TilE 
MK 13 TORPEDO 

Further studies on the Mk 13 were directed toward 
improvement of existing eomponents. A good deal 
of study was given to structural features, heat 
treatment of propeller shafts, studies of bearings, 
and heat treatment of propeller blades. It was 
found that the tendency for blade bending at water 
entry could be redueed by proper heat treatment of 
the existing propellers. A good deal of study given 
to the problem of gyro damage resulted in a type of 
bearing which at the close of the OEMsr-418 work 
in late 1945 showed promise of withstanding 350-
knot entry speeds. Attention was given to the 
control with the object of eliminating some of the 
underwater roll and malfunction of the eontrol sys­
tem in the early stages of the underwater trajectory. 
Much of this work closely paralleled the program of 
testing components for the Mk 25. 

2 ·5 CONTRIBUTIONS TO THE DESIGN 
OF THE MK 25 TORPEDO• 

The Mk 25 torpedo, which was the responsibility 
of the Columbia University group under Division 6, 

• For broader covel"age of this project, see the Division 6 
Stunrnary Technical Report, espeeially Volume 21. 

NDRC, represented a completely new design of 
torpedo. The launching facilities and engineering 
experience of the California Institute of Technology 
torpedo launching group were utilized to a consider­
able degree on the structural aspect,s of the problem. 
Various torpedo shells were tested at the launching 
range for damage at entry, and as weaknesses ap­
peared design changes were made. A considerable 
amount of work was done on afterbody and vane 
construction because of the new problems created 
by the use of hollow guide vanes for torpedo engine 
exhaust. The new type of joint ring evolved for the 
Mk 25 also required a good deal of structural study. 
New propellers which were designed for this unit 
were also the subjeet of a good many launehings. 
Cast afterbodies of various types were tested and 
commercial facilities for casting experimental alu­
minum afterbodies were made nvailable in the 
Southern California area to supplement the work 
which w~ts being done in the East. As the develop­
ment work proeeeded, these additional torpedo 
components were sent to Morris· Dam for launching 
tests, with particular attention being paid to the 
ruggedness of control elements of the Mk 25. 

2.6 COOPERATIVE TESTS 

Cooperative tests were made also for several other 
agencies. For the Applied Physics Laboratory of 
the University of Washington launching tests were 
run from time to time on a number of exercise heads 
ineorporating the exploder mechanism being de­
veloped by that group. The Allegany Ballistics 
Laboratory requested launching tests of special 
propellants to discover if t,he shock of entry caused 
struetural damage. Speeial torpedo engine igniters 
were tested for the Naval Air Station at San Diego 
and for the Columbia University group. The West­
inghouse Eleetrie Company submitted models of an 
electric aircraft torpedo for water entry damage 
studies. This work involved not on,ly the torpedo 
structure itself, but also detailed studies of damage 
to propellers, control gear, motor, and battery. 
Some studies of the AAF hydrobomb were made. 
For the Navy, water entry tests of the Mk 1 drag 
ring were made with and without the streamlined 
nose cap which was then under study. Also, as a 
part of the basic research study with the Applied 
Mathematics Panel, launchings were made of cer­
tain special head shapes. 



Chapter 3 

BASIC RESEARCH ON TORPEDO ENTRANCE PHENOMENAa 

By F. C. Lindvall 

A RESEARCH PROGRAM directed toward more basic 
information associated with the phenomena 

of the entry of torpedoes into water was carried on 
concurrently with the various aspects of the devel­
opment work. The water entry and behavior 
studies were extensive in both theoretical and 
experimental aspects because of the large number 
of parameters involved. The studies of water entry 
were broken into five definite stages involving 
various phenomena: shock stage, establishment of 
flow, cavity stage, transition stage, and complete 
immersion. The shock stage involves the water 
forces which are the result of an acoustic shock ex­
perienced by the body at water contact. These 
forces are extremely high and, because of applica­
tion at an oblique angle, involve longitudinal mo­
mentum transfer as well as angular momentum 
transfer. These forces are of extremely short time 
duration, as shown both by theoretical considera­
tions and experimental evidence. The rotating disk 
camera t gives distance-time data which are quite 
precise. The maximum impulsive velocity change 
which could occur within the limits of error of 
measurement with this camera are of the order of 
0.5 per cent or, for typical launchings, 2 to 4 fps. 
From nose-mounted accelerometers and pressure 
plug data the magnitude of the initial shock can be 
determined, leading to time estimate for the dura­
tion of the acoustic shock of the order 10-4 second. 
Transverse velocity changes due to this impulsive 
force have also been determined to be of the order 
of 2:Y2 fps. However, none of these measurements 
can be considered wholly satisfactory because the 
torpedo itself is an elastic body capable of vibration 
in longitudinal and transverse modes with periods 
comparable to the time intervals under considera­
tion. However, the evidence is good enough to 
indicate that to a considerable degree the whip at 
entry is caused by the forces during the shock stage. 
Also during this shock stage, ns indicated by the 

• For another discussion not limited to torpedoes, see Sec· 
tion 1.3 of this volume. 

b This item, and other instrumentation, is described in 
Section 4.2. 

pressure plugs, on portions of the torpedo shell very 
high hydrostatic pressures exist which may eause 
local damage. To a considerable extent the Mk 1 
drag ring tends to eushion this entry shoek and 
minimize loeal damage. The shock subjects the 
torpedo eomponents to high acceleration forces, but 
little damage results because the various com­
ponents are sufficiently elastic to be self-protecting 
against forces of such short time duration. 
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FIGURE 1. Average entry deceleration as a func· 
tion of entry velocity for Mk 13 head shape (Head 
F). 

The establishment of flow is subject to a good 
deal of uncertainty because of the diffieulty of ob­
taining satisfactory detailed information during the 
first foot or two of torpedo travel into the water. 
The rotating disk camera gives deceleration infor­
mation whieh is valid immediately after the very 
short time oeeupied by the shock stage. Typical 

16 ~L 
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data are given in Figure 1 showing a very close ad­
herence to a square-law drag force beginning with 
the moment of head contact. This deceleration may 
be expressed as a "drag coefficient." Figure 2 shows 
the variation of the drag deceleration with time 
after entry, assuming constant drag coefficient. 
This drag coefficient is substantially constant for 
full torpedo immersion and one or two lengths of 
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FIGURE 2. Drag deceleration vs time after entry. 

additional travel. Then, because of effects oecurring 
in the cavity stage, a higher value of drag eoeffieient 
is observed followed by the normal low body drag 
appropriate to fully immersed travel at speeds below 
the cavitation velocity. Figure 3 shows this effect. 

As seen from Figure 2, the high values of accelera­
tion may exist for 0.1 second or more. Internal 
components of the torpedo are thus subjected to 
high forces whieh last for periods of time which are 
large compared with their own natural periods. As 
a result, for all practical purposes, all but very 
flexibly mounted eomponcnts are subjected to static 
loads corresponding to these high accelerations. 

In the cavity stage of entry the torpedo is thought 
to be in unstable balance on its nose with the tail 
strueture moving transversely in some direction 
through angular momentum acquired in the initial 
stage of entry. Sooner or later the tail structure 

encounters the more or less solid water which 
bounds the cavity, with resultant tail slap and 
application of hydrodynamic forces. The shape of 
the surfaces on the tail structure may cause the tail 
to dig into the wall of the cavity. The exact nature 
of this beh~wior is not known for full-scale tor­
pedoes, but model studies (see Section 1. 3) have 
indiented the performance as described to be typicnl. 
In full-scale tests the acoustic range records show 
evidence of this tail slap occurring well after the tail 
has disappeared below the surface of the water. 
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FIGURE 3. Mean velocity-distance curve for 
dummy aircraft torpedoes. 

Pressure plug data also indicate high values of im­
pact pressure on portions of the tail structure and 
the afterbody. A considerable amount of damage 
due to this tail slap has been observed in afterbody 
shells. 

The transition stage from the cavity state to that 
of complete immersion or wetting of the torpedo 
ean only be inferred for the full-scale torpedoes. 
The model work (see Section 1.3) shows the cavity 
to be followed by a bubble whieh breaks up until 
finally the torpedo is fully wetted. The acoustic 
range gives some evidence of sounds which are inter­
preted as bubble collapse, and general photography 
shows the position at which entrained air :finally 
reaches the water surface. The observed position of 
rise of the bubbles correlates well with the measured 
information on drag eoefficient change from high to 
low value. 

In the complete immersion stage the underwater 
trajectories were carefully determined by acoustie 
range data and actual perforations of nets along 
trajectory. These data, together with the known 
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positions of entry and broach, if any, gave very 
satisfactory trajectory records of the type of Figure 
4. These underwater trajectories were investigated 
for effect of velocity, pitch, yaw, and roll of the 
torpedo at entry. The data in Figure 4 show the 
general trend of the trajectories as affected by entry 
velocity. The general effect of the initial roll was 
slight except for conditions of large amounts of 

including a group of sphere-ogive combinations pro­
posed by the California Institute of Technology 
Hydrodynamics Laboratory, none gave a signif­
icantly better performance than the Mk 13 head in 
resisting a dive to the bottom due to steep pitch at 
entry. Induded in these head studies was one con­
sisting of the Mk 13 shape to which was added a 
90-degree cone. This cone, shown in Figure 12 of 

HORIZONTAL DISTANCE IN FEET 

0 20 40 60 80 100 120 140 160 180 200 

1-

-........... 
I'- d_400

1 

FPS 
w 
w ~"'-

""""' 
500 fPS ~ r- ,I I 

330 FPS Li. 
20 

~ 
:J: 
1-
a_ 
w 40 0 

FIGDRE 4. Underwater trajectories of Mk 13 dummy aircraft torpedo for initial pitch between 1 degree steep 
and 1 degree flat. Numbers of launchings: 330 fps, 16; 400 fps, 3; 500 fps, 7. 

rudder setting. The effect of yaw was much the 
same as that of pitch, except of course in inducing 
horizontal deviations from a straight-line trajectory. 

Pitch, that is the angle made by the longitudinal 
axis of the torpedo with respect to the trajectory, 
had a marked effect on the depth of dive or the 
tendency to broach. Figure 5 is typical of many 
sets of data taken for the purpose of showing the 
sensitivity of a particular head shape to the amount 
of pitch at entry. The data are shown in two ways: 
iii the upper curve, the deviation of the trajectory 
from a straight-line projection of the airflight tra­
jectory is measured at an arbitrary distance of 100ft 
from point of entry. The lower curve gives the 
absolute depth of dive as a function of the pitch at 
entry. For the particular head shape used in these 
tests a steep piteh of 2 degrees or more leads to deep 
dives, and as mueh as 3 degrees of steep pitch would 
put the torpedo on the bottom except in very deep 
water. Flat pitch on the other hand leads to shallow 
dives, but no abnormal behavior, in the sense of an 
excessive broaching tendency, is indicated. Another 
presentation of data of this type is given in Figure 6, 
in which the actual trajectories are given' with ap­
propriate legends indicating the number of degrees 
of flat or steep pitch and the number of launchings 
of nearly the same amount of pitch which have been 
grouped as a single composite trajectory. 

Although a variety of head shapes was tested, 
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Chapter 4, does not improve the tendency to dive, 
but increases the broaching tendency for flat pitch 
and definitely introduces a larger whip, which is 
undesirable from the standpoint of structural dam­
nge. No very large departure from Mk 13 dimen­
sions was made in any of these heads because of the 
overall torpedo length, which was fixed by aircraft 
limitations, and the necessity for maintaining ap-

the total weight was maintained constant and 
moment of inertia held fixed. The center of gravity 
positions were fore and nft with respect to the center 
of buoynncy and transversely, above and below, 
with respect to the longitudinal axis of the body. 
With the center of gravity forward of the center of 
buoyancy, greater entry stability was demonstrated 
although the underwater trajectories and depth of 
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proximately the same war-head volume. The varia­
tions in shape were more significant ·with respect to 
steady running drag and cavitation parameter than 
in modifying the pitch sensitivity. 

·with various dummies, some of which were also 
used in the establishment of the underwater trajec­
tories, the entry and underwater performances were 
investigated with respect to shroud ring size and 
reaction, rudder setting, length-to-diameter ratio, 
trim, and moment of inertia. The most extensive 
work related to the trim and moment of inertia 
studies. In the trim studies the center of gravity of 
the body was adjusted to different positions while 

dive tended to be greater. In the moment of inertia 
studies the weight and center of gravity position 
were held fixed while the moment of inertia about 
the center of gravity was varied. The effect of the 
moment of inertia is not striking within the limits 
that are physically possible in a torpedo, but, in 
general, the greater the moment of inertia, the less 
violent are the actions of the torpedo at entry. The 
effect of greater length-to-diameter ratio is not 
entirely independent of the moment of inertia, 
which inevitably increases, and is similar in that 
trajectories are obtained which tend to follow more 
nearly a projection of the airflight path. 
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A large part of the study of underwater trajectories 
with dummies was made for the purpose of correlat­
ing, if possible, the observed performance with l-in. 
models being studied by Section IV of Contract 
OEMsr-418. In these comparative studies the model 
and prototype dynamic properties were carefully 
scaled, and the velocities, model and prototype, were 
related through Froude' s rule. No attempt was made 
in this model work to vary the pressure of the at­
mosphere above the water. Although it was found 
that the trajectories of prototype and model cor­
related in a general way in the early stage of, the 

underwater run, significant deviations were ob­
served as model velocities became low. More sig­
nificant, however, was the radically different be­
havior of certain head shapes which, with the 
model, dove consistently to the bottom, while the 
prototype followed normal trajectories with upward 
curvature. Using piteh sensitivity of different heads 
as an index, the correlation between the model and 

· prototype behavior was unsatisfactory. • 

• Section 1.3 of this volume indicates that better correla­
tions may be obtained by modeling on a velocity basis instead 
of by Froude's rule, and by venting the models. 
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FACILITIES AND INSTRUMENTATION :FOR STUDY 
OF TORPEDO ENTRY 

By F. C. D£ndvall 

4.1 GENERAL FACILITIES 

T H)i; F1RST PROBLEM of the CIT torpedo group 
was the design and installation at a suitable 

site of equipment capable of bunching torpedoes 
into water at velocities and entry angles correspond­
ing to high-speed aircraft drops. Among the 
requirements were sufficient water depth and length 
of run for adequate observation of the effects of 
interest. By arrangements made earlier in connec­
tion with other CIT underwater ordnance investiga­
tions, the Institute had a suitable site available only 
20 miles east of Pasadena, on the artificial lake 
above the Morris Dam, owned by the Metropolitan 
Water District of Southern California. This site met 
these requirements in that it provided a 5,500-ft 
straight course of depth 100 to 140 ft. All the 
present and projected launching equipment is 
loeated on a peninsula approximately 3,000 ft up­
stream from the clam. This peninsula has a steep 
slope which provides a convenient support for 
mounting a launching tube. Steep mountains near 
the torpedo entry point provide excellent locations 
for detail and general view camera stations. The 
mild climate allows work to continue throughout 
the year, with good photographic conditions on 
almost all clays. 

Various schemes for accelerating and launching 
the torpedo were studied, leading to a final decision 
for the construction of a 300-ft tube for compressed 
air launching. It was believed that sufficient useful 
information could be obtained with a tube of fixed 
entry angle having the diameter of the existing tor­
pedo to . justify immediate construction of this 
facility, without incurring the considerable loss of 
time which would be required for the design of a 
more elaborate launcher to accommodate other pro­
jectile sizes and permit adjustable angle of entry." 
An entry angle of approximately 19 degrees was 
chosen to match the general limits proposed by the 
Bureau of Ordnance for 350-knot airplane speed and 

• A variable angle launcher of CIT design was added to the 
facilities after they were taken over by the Navy in 1945. 

800-ft altitude of release. This angle was fixed 
with the realization that the corresponding water 
entry angle would probably be the lower limit of 
tactical operation at which satisfactory entry could 
be obtained and for which also torpedo damage at 
entry would be accentuated. 

Design work on the launcher and associated facil­
ities began early in 1943; construction of buildings 
and foundations at the site, early in the summer of 
1943, concurrent with fabrication of launcher com­
ponents. The equipment was installed during the 
summer and the first launchings were made in 
August 1943. The launching facilities have been in 
continuous use since that time and are now being 
operated on a permanent basis by the Underwater 
Ordnance Section of the Naval Ordnance Test Sta­
tion, Inyokern. During this period the facilities 
underwent continuous improvement as the results 
of the research program dictated modifications and 
additions. 

The general problems set for the CIT torpedo 
launching range were as follows: 

1. General hydrodynamic effects at entry. 
2. The effect of dynamic characteristics of the 

torpedo. 
3. The effect of nose and tail structures on entry 

and underwater trajectories. 
4. The determination of underwater trajec­

tories. 
5. The measurement of deceleration forces and 

the effects on structure and mechanisms of the con­
sequent impact loadings. 

6. The general structural aspects of the entry 
problem. 

Figure 1 is a view of the range from a point 
directly over the launching tube. The two lines of 
buoys in the foreground are 100 ft apart and serve 
to support an array of hydrophones which con­
stitute the acoustic range. In the distance may be 
seen a set of six sonobuoys which serve to extend 
the acoustic range for tracking the torpedo on its 
run. At the left in the foreground are located a 
control station and a camera car which is positioned 
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opposite the point of water t•tttry nne! i• mMed 
along an inc·lin~d lrm·k pumllcl to the lnunchin~ 
tube to follow cbani(CK in wntcr level. Figure 2 i" a 
sketch map of the fatilitic•, onlh•• pt•ninsuln. Figure 
3 is a pl:1u alltlt•le,·:~lion o( the luunchinp: tube itself 
in relation to the torpr(lo ~hop nnd wnrkint:; :tre:t.s. 

thereby gi,,iug :1o immediate unrc~tricted How of air 
from the tank illto the tulw uft of tl"' torpt•do iutnlt'­
<liatcly the torpedo bad tno\'ed forward su(lidcntly 
to clear the inlet from the tunk . 

Fig:urr 5 is a fiChemalic drawlug of Ute t\Jb(' 
bunching mechanism. In opcrntion, nher th~ 

f"ICl'Rl: 1. Gt·n~rnl vit>w of hnmehing range ~rea looking don-n range. 

rigure ~ >how• the brt•t•ch Cll<l oft he tube :\Ud the 
Y-eouuel'lion to tlu> coml>r<" .... C<I nir imJ>ULi<' tank. 
• \ large prc"-'IITC \'C"<'I of 1.100 <·u ft •·ap:u·it~· :nul 
ratt"tl working }Jf~.CUrC 0£ 150 lhi, Whith Wt\:oo. Oil the 
California llllltitutc t'llmpu,, "'"' mudr :l\'nilnhl~ for 
1 hi• projc..t to p<'rmit 'Jll'<.'dy tomplet ion of launch­
ittg facilitie•. L:ttcr, "' mntcrinl• nn•l fabrication 
fncilities for ))f(."!'"~urc_• ,., ... ~<·Is \)('('lUlU' obll,in;lble, a 
uew lank of grt'ater cnpacity nnd hi~hcr pressure 
rating wa.' built to rcphu·t· this itrm of lnstilnt<' 
e<Juipment. Aft<·r a •tudy of }>t>-.iblc quick-aclinfl: 
,·ah·es for rdeusc of impuls<' :tir, n dcc·ision wn!i\ 
DlUdC' to hnvr the torpNlo :H't :t::. it!( nwn plug valve, 

breeel\ door bas been closed and ring scnlo (8) h:wc 
been pressurized, the mnin gntc Yah·c {9) ;, ot>rncd . 
.-\u~- leakage into the breech section is \'Cntcd 
through vah·c (5 ) until la\mching i, dc,ir~d. The 
torpedo i~ held in po;itiou h~- tleleul pin (7). \Yhcn 
release is desired, handle {6) i• }>ulled, whkh >imul­
tuncously rclc.'1:5CS the detent pin and :-t~al Jlrt"~"ure 
:tnd clo.;es vent ,·ah·e (5). Air pa,.iup: by the nft~r 
seal (8) pressurizes I he breech section. •·au>in~t t h(• 
loq>Ct!o to moYc forward in the tube and cleur th~ 
Y-couuection for full rdc:tsc of impu l•c :~ir. Tht• 
hrrcrh door is sl1own in ci c~tail in FigurE' G. 

Tht! performance of the launching tube is ~hown 
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in Figm·e 7, which gives calculated and measured 
velocities-two for t he standard 111 k 13 torpedo unrl 
out~ for a. 1,5QO .. Ib dumnty- :tt ,·atious di~n.ances 

a long t.be 300-ft launching tube for three values of 
impulse t.:mk pressur-e . SubseqlH;nUy at t~wQ sbt· 
lions ••long lhe tube " 'ere itdded a series of gas 
booste•· tubes . T hese ut ili zed s tandard rocket. 
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to the tmjecto1·y) >U\ a ir scoop was added a t t he 
mu zzle of t he la uncher which could be swung out of 
Ul:it~ or ehauged frmn top to bot.t.om location. 

The i\Ik 13 " ircl·••ft torpedo sen•ed as '' ut.ili~y 
instrument in many of the laun.ching tests of this 
ptoj<,<;t, '" well as being a n objed of st udy for 
po;;siblc imp1·ovemcnt for inunedi><te se~·vice ap-
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l·'JGu~e 2. Plan of t he lauuc.hing site showing principal facilities. The elevation of the highway is 1,321 ft, 
the elevation o£ the worki ng an~a (E, F, and G) is 1,30Fi ft., and the eJevatiO'tl of the ·watf!r i;.ut·ht<.:e is nor­
mally 1,160 t.c) 1,167 ft. 

motors as sources of addit ional bjgh-pressure gas, 
injected just a~ t.hc torpedo 1"''-'Wl each station . 
The en·eet of these boosters Wfts to add some 50 fps 
to t he m\tzzlc velocity of the torpedo . 'J'hc ncerl for 
the rockeh boosters di&lppea red with the instnlh•­
tion of t.l1e large impulse tank, which has a volume 
of I ,550 cu ft and a working pnl-~surc of 350 psi. 

The launching t ube met the general design speci­
fications fo•· entry an~le nnd velocity a nd put tlw 
l<>fJK'du ini\> t.bc water with ,·ery small >lmounl.;; of 
random pitch an<l yaw. Later, to induce t hree or 
four degree.> of up or down pitdr at entry (relati ,·e 

plication . J)ummy i\1 k 13 units were nlso obtnuled 
from the Navy for sOffi(~ of the early launching 
trials, alt hough t.hcsc dummies were not. usable for 
elabOn11.C ((>sls because of tire impracf.itability of 
installing instruments . A number of dummy units 
wc1·c constr~Jctccl for t.IH} projcc;t wit.h intcl'chnngc­
''ble beads, center sections, a rld afterbodies 80 t ha t 
iust.nnncnts co~tld be ins talled, shape modincations 
tnadc~, nnd dywlB'li<~ pro pert ic~s of 1 he body <·hn.ngcd. 
T hese dummies frlso were made stmct~mllly mggcd 
cn.ough to withst~u)(l the tnuxi mum velocities of 
entry imtit·ipitlC"d for this work . Dummic~"i ha.vt} 
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been launched with entry velocities up to 800 fps. 
Torpedoes are recovered in the buoyant state by 

boat and are towed to a landing ramp where they 
are floated onto a submerged trailer, which is then 
pulled ashore and on up to the torpedo shop. This 
procedure is not only rapid but is also flexible 
enough to follow the changes in lake elevation. A 
number of launchings are made with torpedoes or 
dummies in the buoyant condition. Other units are 
launched with water ballast and blowing means fol-

PAVED WORK AREA 
EL. 1305 

ROCKET BOOSTER 
STATIONS 

operations, a battery of air compressors for launch­
ing and torpedo-cha.rging air, a small instrument 
and gyro laboratory, dark rooms for photographic 
work, a wood shop for construction of miscellaneous 
test equipment, a small magazine for storage of 
miscellaneous explosive material, and a limited 
amount of office space for the range supervisory 
personnel. In addition, a structure for housing the 
electronic equipment associated with the acoustic 
range is located near the point of torpedo entry. 

ROAD 

BRIDGE 

Jill' 

SHORE LINE 

c'ONCRETE CHANNEL 

TRESTLE 

FIGURE 3. General plan and longitudinal section view of the Morris Dam Hydrodynamics Station launching 
equipment. 

owing general Navy torpedo exercise practice. For 
greater flexibility in the use of water ballast, high­
density liquids are sometimes employed, the most 
satisfactory being a Bentonite suspension as used in 
the preparation of high-density mud for oilwell 
drilling .. 

Torpedoes. which failed to float after launching 
were recovered by the 11th Naval District Mine 
Disposal Unit with magne.tic location and diving 
operations. The nature of the lake bottom required 
a precise location before the diver was sent down. 

Among the mi:scellaneou:s :service facilities are a 
torpedo shop for overhaul and minor mechanical 

The acoustic range consists of an array of twelve 
hydrophones, as shown in the sketch of Figure 8. 
These hydrophones mspond to sound impulses 
generated in one of the hand holes of the torpedo 
by detonation of electric primers set off sequentially 
by a timer. The responses of the twelve hydro­
phones to these sounds are amplified and recorded 
simultaneously with a twelve-channel o:scillograph 
which superimposes timing lines on the record. 
From the difference in time of arrival of the sound 
at the different hydrophones, the po:sition of the 
torpedo at the moment each sound is produced can 
be computed. The reduction of the acoustic data is 
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made on a. mcchnttical computer whi<'h not only 
minimizes the labor of compukttion , buL also makes 
the b(•st :wcrage from the rcdtnl<htnt data. Figure 9 
gives a typical undcnvntcr t.mjcc:tory in pl;m nnd 
elevation as d<Jtrmnined from t.bc aeoustic range 
~nd from uets located in t he nmg". From strch a 

urcrm;n{.!; invol ves mtu\y difficulties of application 
;utd of final interpretation of results; consequently , 
except. for locul effects within t he torpedo due to 
impact or shock lo.:tding, ::nt external metlsurcmcn.t 
of tbe behavior of the body as a whole is most. sut.is­
fnctory. During the entry pb,.~c <~xternal photog-

FIGURE 4. General view of breech end of hnmching eq\lipment. This illustration :;how::; the Ko. l impulse 
tank and the breech and Y l)ections J)rior to reinfm·c:inf:t. 

record, correlated with the sound of water· impact , 
distance-time informuJion is obtained from which 
,·cJodty aud underwater decelet>\tion may be 
derived . 

•·• INSTRUMENTATION 

•·•·• External Ohservations 

.\[e~•~urerncn~ of the deceleration of the torpedo 
as it enters t.be water is of fundamental importance. 
l ntc1·nal rctording equipment for decelera.t.ion mea.s-

raphy cun follow the cntr·y for·" distance representing 
roughly 80 per cent of th<: body length. Ordina r·y 
motion picture camera technique giYes inadequ,;le 
t.inH} resolut,i()n nl\d ultra.-n,pid c:umcrns arc inap­
plicable because of insullicient. light.. A new tech­
nique therefore was developed for this work , colt­
:-:istiug of the use of a suutU but intnusc light.. fioun·e 
motn;tcd 011 t.he rear structure of the torpedo, the 
image of whidt wns reeordctl on H, photographic: 
plate eve1·y thousandth of a second by the chopping 
action of au intciTupt ing disk it> the light pat.h of the 
<:amem. This disk had litliT0\1' radial slits c:nrefully 
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spaced around the circUlnferenoe which permitted 
the camera to sec the light source on the torpedo a 
thousand times cnch second for intervals of a.pprox­
imately 20 microseconds each. A typical record 
obtained with this camera is shown in Figure 10, in 
which two light sources were employed on the tail 
of the torpedo. 'The general illumination of the 

of torpedo release by means of an electric primer 
and a bit of blt:wk powder paste. 'This arrangement 
gave a brilliantly illuminated slit approximately 
Ys in. wide and 1~ in. high. 'The original 5-by-7 
glass photographic plates, from one of which Figure 
10 was reproduced, were measured ·with great pre­
cision on a measuring engine sueh as is used wit,h 

CD I?V-,EECH 00012-. 
(2) LAUNCHING TUPJE 
(3) ~TAfl., TING LANYA/2-,0 LEVEf7...., 
(4) HANDHOLE 
0) VENT VALVE 
(6) )TAfZ.,TING- HANDLE 

~
DETENT PIN 
~EAL 
GATE VALVE. 
1550 CU FT IMPUL7E TANI4 
)H~UD !L.ING DETENT PIN 

LAUNCHING 
TUBE PROPER 

TUM LAUNCHING 
MECHANISM 
~CAl€. 1~ IWI".:NE~ -~~.i.J'I-

0~ 4 8 11. 16 

FIGURE 5. Sectional view of breech end of launching equipment. Structures connected with openings 4 and 
5 are actually located 90 degrees toward reader from position shown, 

background is sufficient to bring out reference 
marks which aid in the reduction of daht, but the 
total time during whieh the eamera shutter is open 
must be kept to a minimum to avoid overexposure 
of the background. In so far as the essential record 
of torpedo position as a function of time is con­
eerned, the images of the light source on the torpedo 
are sufficient and could be obtained at night just as 
well. 'The light sources used consisted of small steel 
cups with suitable mounting brackets. These cups 
were slotted and packed with an aluminum powder 
pyrotechnic mixture whieh was ignited at the time 

spectrograms. The camera was located approxi­
rnately 70 ft from the point of entry, and the 
preeision of measurement was such that the position 
of a good fl.are image could be determined at the 
torpedo to w.ithin a tenth of an inch. 

By measuring the intervals between flare images 
and plotting these measurements against time, a 
veloeity-time curve (Figure 11, upper curve) is ob­
tained for the entry of the torpedo up to the time 
the tail disappears from view. These velocity curves 
form a strnight line parallel or nearly parallel to the 
time axis until the torpedo strikes the water; at this 
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poil)t tlw line joining Ulc points bt'nds ubruptly 
downward. Tht~ slope of lhi~ portion of 1 he yp}O(:ity 

t•urve is proportional to lhc decelenll.ion of the 
lorpt~do. When t wo flares arc used on t he toq1edo, 
one abo,·e the olh<ll', a lin" joining the upp"r and 
lower Hare images is a measut'e of the angle of Lho 
axis of lhe t.orpcdo. Thus both <he pitch angle and 

whi<· h permits a phot.og•·aphic check of t he velocity 
of t•nt ry to hP <'<HTi:latt•cl wi th t.he muzzle v('}oc·ity n:5 

mcasmcd \lith '"' electt·onic timer. 
Dircct.Jy un<le•· t.hc b•·ccch of •he launching tube <1 

LG-mm 1 fi-1- frmnc:·pt•r·:-weond <'itOH~m is !O<:.ated to 

record th0rear view of lhe ent.r.v phenomena. From 
these •·eco•·ds may be detc•·mined t he roll and y(tw. 

F IGUJU·: 6. View of breech end of l:nmchitlg tube. 

chang" in pitch anglt• of the torpedo cH n be deter­
mined. 

Other photogr:>pl•s of watc•· entry were made with 
motion picture camera::; Jocatt•cl in variou~ posit,ions. 
!\ :Mitchell 35-mm high-speed ( 125 fr<Hnes per 
:second) m<.>t.ion pieturc tH HlCI'a wus loc~•tcd adjacent 
to the t·otating disk camera ;tnd ga,·e iut:ousid<mtblc 
detail from t.his s ide view t.he aspect of the torpedo 
prior to entry itnd Uu~ behavior <luring entry, as 
shown in J<'igmc 12. The synchronously rota ting 
timing disk in the foreground gives a thue scale 

.A gcnernl view motion picture Cftmera is siLthlled 
on the hillside app•·oxim<ltcly 400ft from the cel\ter­
line of the r;lnge . The field of view is about 400 ft 
at the ccnte•· of t he ranl(c . This camera is used to 
r(WOrd general dala suc·h as positions of cntr~1 , 
i)l·oacb, and re-entry, the velocit)' at broach , length 
of un<lcnnlfcr run nnd of uit truvcl, the an.gle at. 
bro;lch at)d re-entry, and of hook at bro;u;h, the 
height of t he b•·onch, and the path of l' llll following 
n;Hmtry. A ti m<'r in t.hc field of view of this cu mcra 
bas four disks <hiveu by '' synclll'oi\Ous motor M 
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speeds of 1,500, 150, 15, and 1.5 rpm. Film from 
this camera is viewed for measurement with a single­
frame projector and a system of plane mirrors which 
puts the image on a measuring grid ruled in perspec­
tive to represent the true coordinates of the lake 
surface and aligned by placing the images of the 
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FIGURE 7. Calculated and measured projectile 
velocities along the launching tube. 

range buoys in coincidence with their respective 
positions on the grid. 

An overhead camera may be used, if desired, in a 
camera car on a cable suspension system directly 
over the range,. permitting location of the camera 
directly over the point of entry. The camera car 
and caniera mechanism are remotely operated from 
the central camera control station. 

Underwater photography has been used in an 

experimental way with motion picture cameras in­
stalled in watertight submerged drums. Only at 
certain times of the year is the clarity of the water 
sufficient to permit photography of full-scale tor­
pedoes, because of the distance the camera must be 
located from the line of the underwater trajectory 
in order to keep a field of view great enough for more 
than a single torpedo length. 

A general rear view camern is used to record 
powered runs of the torpedo. This is a single­
exposure camera which, from a height above the 
lake surface, photographs the track of the torpedo 
at any desired stage in the run. The photographs 
are measured by placing them over a transparent 
grid so that the coordinates of the torpedo tl·ack 
may be determined. 

4.2.2 Internal Measurements 

Internal instrumentation included a variety of 
devices for obtaining acceleration of torpedo com­
ponents, pitch, roll, propeller speed, control posi­
tions, time of water entry, and miscellaneous events 
to be correlated with the moment of water entry. 
The heart of the recording system for these various 
instruments was a specially designed neon tube 
camera, as shown in Figure 13, using a l/25-waU 
neon bulb as the essential element. Three models 
of this recording camera have been constructed and 
used. Each unit consists essentially of a bank of 
neon bulbs, an optical system which projects the 
light onto moving motion picture film, a film drive, 
a vacuum tube oscillator which periodically flashes 
one of the neon tubes and thus produces a timing 
reference trace on the film, and switches which start 
and stop the camera. In the various models bat­
teries are either self-contained in the camera or are 
placed in an auxiliary box in the torpedo. All this 
equipment must be extremely rugged in order to 
avoid distortion or damage resulting from the 
severe shock of high-speed water entry. The neon 
bulbs are either on or off depending on contact 
position in the instrument whose operation is being 
recorded. A typical record obtained with this cam­
era attached to a step accelerometer is shown in 
Figure 14. 

AccELEROMETERs 

This step type of accelerometer consists of a series 
of cantilever springs, shown schematically in Figure 
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FIGURE 8. Aerial perspective showing torpedo launching area and sound range as of .July 1945. 
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Ftcu nc 10 . Flare:! e:amera record with two flares on torpedo t.ni1. 
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tiH' lorpNln ilt th<• thn•c• po~it ions shown in the 
sketch. The record s howg the fiOO·<· liming mark•. 
11uxilinry 100-c timin~ murk• , and the responses o[ 
the 21 neon tube.< c·om1~d~d to th~ t hree aceclcrom-



I '1STJlt;)lt::'iTATIO'\ 31 

SOLENOID 

NEON TUBE BANK 

FIGCRt: 13. ~eon tube camera- Model 3. Top and bottom plat~$ r<~moved, sho";ng remo\·al o( neon tube ~nk. 
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eters. From this record can be obtained the time 
duration of the various magnitudes of acceleration 
shown by the blacked-out portions of the neon tube 
records. The approximate distance scale shown on 
the figure is derived from external photographic and 
underwater acoustic data. 

Various types of accelerometers of the indenter 
type and the copper ball deformation type have 
been used in the course of this work. However, the 
recording step accelerometer is by far the most 

BASE 

CANTILEVER 
SPRING 

PRELOAD 
DEFLECTION 

FIGURE 15. Representative CIT accelerometer 
spring element. 

satisfactory, because it not only gives a time record, 
but also records a sequence of repeated shocks as 
contrasted with a single record resulting from a 
deformation or displacement type of instrument 
which gives no time history and which may be quite 
ambiguous as a result of repeated shocks of unknown 
character. For certain types of testing, the simpler 
instruments· of the indenter or deformation type 
may be calibrated against the step accelerometer 
and then used with some confidence for subsequent 
accelerations of the type for which the calibration is 
valid. The step accelerometer lends itself to analysis 
nnd reliable calibration so that peak values of 
acceleration may be measured with confidence and 
repeated shocks determined reliably, provided the 
repetition rate is slow compared with the natural 
frequency of the spring elements in the accelerometer. 

AccELEROMETER CALIBRATION 

To provide a calibrating system for accelerom­
eters, a drop table with control and recording equip­
ment was constructed. A table carrying a standard 
accelerometer, to which other apparatus or acceler-

ometers for calibration purposes could be attached, 
was arranged on guide rails to have a free fall of 
approximately 20 ft onto buffers, dash pots, lead 
plugs, or other suit,able stopping means. The stand­
ard accelerometer consisted of a spring-mass sys­
tem in which the spring was a thin-wall Dural 
cylinder to which was attached wire strain gauges 
determining the deflection of the spring system. 
The unit, was calibrated statically and dynamically. 
The dynamic calibration was made by the sudden 
release of a known weight suspended from the bot­
tom of the accelerometer. This procedure caused 
the same resistance change in the strain gauges as 
sudden loading, t,hough with opposite sign. The 
natural frequency of this accelerometer was approx­
imately 5,000 c and was valid therefore for accelera­
tion measurements on phenomena of frequencies up 
to 1 ,500 c at least. The electrical output of the 
strain gauges was amplified and recorded on a mov­
ing film oscillograph consisting essentially of a film 
drive and a cathode ray oscillograph beam swept 
in only one direction. A record of a step accelerom­
eter calibration made with this equipment is shown 
in Figure 16 . 

DAMAGE lNSTRUMEN'I'S 

Additional dynamic studies were made in the 
torpedo models with what were called "damage 
instruments." These instruments consisted of 
simple mechanical structures, cantilever beams, and 
tension specimens, which were loaded by accelera­
tion forces. Figure 17 illustrates the tension type. 
These were for standard tension specimens whose 
properties were known from static tests on similar 
components. They are secured at one end to mount­
ing structure and loaded by Hcceleration forces act­
ing on the weight attached at the other end. The 
weights are loosely guided in the enclosing cylinders. 
Figure 18 indicates an array of cantilever members, 
some of which arc loaded with definite weights 
applied at the ends, others of which are uniformly 
loaded by the acceleration forces. As a result of a 
particular launehing some of these test members 
are undamaged, others have taken permanent set, 
and for some of the tension specimens actual failure 
may have occurred. The information resulting from 
these tests is helpful in designing structural com­
ponents of the torpedo to withstand the shocks of 
water entry. 
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J\ tlditi<,nnl d11mage infonna litHl was obtained 
l hrough the use of sco·ntch gauges of t he de F orest 
ty !JC and fl'orH bonded-wi re strain ~nup:cs . The use 
of i he wire stl·niu gauges wa• limited to test> in 
"hitlo t•xt~rnnl recording could be U>C<l , whereas the 
dC' Forc~t ...,tmin gaug~ wen· in~tnlled nt many 

F 1CURP. 17, Tension-type dnmngo in~trmnent. 

point• in t ho torpedo and nL val'iouA point~ oi il;; 
mt'<"huni"'m to determine the maximum strnin..'l 
re>ulting from launchings. 

HYDRO PRF.SS'!1RE P1.u<:~ nlR l.oc.-1.1Z>;o J>EM< 

Pm;ssum:s 

The typical accelerations for the torpedo as a 
whole <lolt~rminecl from these Vttl'ious instruments 
lend to ill\ interpretation of wa loo· dl'Hg for<:cs pro­
portionnl to t he square of the vclocil,l', bnl certain 
local (hunngc effects a rc t raceable to transient water 
pressure force~ of much greater magnitude. 'fo 
•tudr thi~ rffcrt h~·dropre<,urc plu~ were de-

velO(>ecl, :1< shown in Figure I ll. Thcs~ plugs, of 
J/.l~in. ovcnlll diam¢t(}r ~ WC'I'C' in~crtrd nt various 
stations in the torpedo shell a• intlimlecl in the 
sketch of Figure 20 . The recording is done by per­
manent >el of :u\ anncnlcd phosphor-bronze din­
phmgm. Thi• permanent •el i• torl"('l:ltcd with 

FIGIIRt: 18. Model Xo. I bend-type damage inslru· 
ment. 

hydraulic J)J'Cssurc s tudies of idcnLit:ll disks. As 
seen in t he tabulated data of Fig1n·o 20, extremely 
high hyd1·ostutic pressures occur during cnt1·y which 
correspond quite well to the cnkulated pressures 
which arc the product of tbe Jocnl torpedo velocity 
at impart and the acoustic impcdnncc of the 
water. .\ ! v:\rious points on the torpedo body, 
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~"'"'" BRONZE DIAPHRAC!"' 

ISOMETRIC 

l· 24 H F THREAD$ 

DIAPHRAGM 

SECTION END VIEW 

FIGURE 19. Hydropressure plug and suggested mounting method. 
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YAY/I •"" 

ftiTCM +0°39' 
ftOLL AT ENTRY -• 
WEIGHT 15:1!4 lba, 

FIGURE 20. Typical data sheet and pressure distribution plots obtained with hydrophone units in a launch­
ing test of a Mk 13 dummy torpedo at 20-degree entry angle and 550-fps entry velocity. 
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particularly in the area of nose contact with the 
water, the geometrical volume displacement of the 
water requires a water velocity in excess of that of 
the acoustic velocity. Consequently, the water is 
compressed, and high local pressures result. Similar 
effects, due to slnp on the side of the entry cavity, 
occur in the afterbody and in portions of the tail 

ORIENTATION RECORDERS 

A gyroscopic orientation recorder was developed 
to determine the orientation of the torpedo with 
respect to its trajectory. Knowledge of this orienta­
tion is of great importance in determining the sub­
sequent motiou, beginning with the precontact 

PLAIN NOSE 

LAUNCHING$ N0S.496,516,5107 AND 594 

MK-1 DRAG RING lf'ICKLE BARREL) 

LAUNCHING NOS. IW, 699 AND 723 

MK-1 DRAG RING PLUS NOSE CAP 

LAUNCHING NOS. 672 AND 717 

FIGURE 21. Hydroprcssure plug data showing peak pressure distribution on torpedo nose with various cov­
m·ings. Entry angle 20 degrees. Entry velocity 410 fps. 

structure. While these effcets are of very short 
time duration, they frequently give rise to local shell 
damage. Figure 21 indicates the effect of the Mk 1 
drag ring (pickle barrel) in reducing these localized 
high pressures. Although the drag ring, a light 
wooden structure used in standard service drops, 
was intended originally for stabilizing the airflight 
of the torpedo, experience at Newport has shown 
beneficial results in the reduction of damage to 
torpedoes. 

stage and continuing through the steady running 
phase. This instrument was designed to give roll, 
the angle of rotEttion of the torpedo about its longi­
tudinal axis; pitch, the angle between the trajectory 
and the torpedo axis in a vertical plane; yaw, the 
similar horizontal angle; attitude, the angle between 
the longitudinal axis of the torpedo and any hori­
zontal plane; and deviation, the angle formed by the 
intersection of a vertical plane through the longi­
tudinal axis of the torpedo and the vertical plane 
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through a set course. The instrument consists of a 
Mk 12-1 gyro so modified that rotation between the 
outer gimbal ring ~•nd the torpedo and between 
inner and outer gimbal rings may be recorded. The 
instrument is contained in a cubical case, and the 
gyro is so oriented tht'Lt the spin axis and the outer 
gimbal axis will always be released at 90 degrees to 
each other. rrhc gyro is held by a centering pin 
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inner and outer gimbals it is 0.75 degree. The step­
wise record of contact closure obtained from the 
camera film is reduced to data of the type given on 
the roll record of Figure 22. Holl records of this 
type are much more satisfactory than those ob­
tained whh the Foxboro depth and roll recorder, 
because the gyro is not subject to inertia forces. 
The pendulum of the Foxboro instrument responds 

/ 
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v 
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/I-"' 
!-"' 

LAUNCHING NO. 1626 DUMMY M6B 

VELOOITY ~ FPS GROSS WEIGHT 1603 LB 
CG 0.53 IN, BELOW AXIS MINIMUM FINS 

INITIAL ANGLti;S 
ATTITUDE 16~4* YAW +3,6• 
PITCH 2,5• F A0Li.,."'"l5.3o 

0 l5 4 5 6 7 
Tl ME IN SECONDS 

FIGURE 22. Roll-time record. No propellers. 

which can be disengaged by the starting accelera­
tion of a tube launching or by a solenoid. 

The gyroscopic orientation recorder measures 
angle changes which are recorded on the neon tube 
camera in the torpedo by means of very light brushes 

. sliding over commutators. The angular resolution 
of a camera commutator is determined by the 
spacing of the contacts and is 1 degree between the 
outer gimbal and the torpedo, whereas between the 

to centrifugal force which exists during any hooking 
or turning of the torpedo and gives a spurious 
indication of roll. Purthermore, the gyro instru­
ment is not limited to the 30-degree travel of the 
Foxboro pendulum. 

Many other accessory instruments and measuring 
techniques were utilized in the project, but for such 
detail reference should be made to the general report 
on this project. 



PART II 

ROCKET PROPELLAN1~S AND INTERIOR BALLISTICS 

By B. fl. Sage 11 

DURING WoRLD \YAR II, artillery rockets were 
again employed to advantage in a number of 

special tactical situations. This renewed interest 
in rockets may be ascribed in part to the greater 
mobility of arms and the consequent premium 
placed upon a low ratio of weight of launching 
equipment to weight of ammunition fired per unit 
time. The development of rockets for the U. S. 
Army and Navy was initiated in 1940 by the Na­
tional Defense Research Committee. The dis­
cussion in Part II summarizes the status of the 
interior ballistics of artillery rockets, their ignition, 
and the utilization of dry-processed double-base 
powders as propellants. There are also a few brief 
skttements on the overall situation regarding the 
propulsion systems of such rockets and the probable 
future course of progress in this field. 

The material presented in Part II arises almost 
entirely from the development and experimental 
production activities of Section V of Contract 
OEMsr-418 between the Office of Scientific Research 
and Development and the California Institute of 
Technology. This work was carried out between 
October 1941 Hnd October 1945, for the most part 
by the professional members of Section V. Primary 
emphasis was upon the designing, construction, 
testing, and semiproduction fabrication of relatively 
simple propulsion systems of artillery rockets. Little, 
if any, effort was made to achieve rockets of the 
highest performance, since the necessary meticulous 
refinement in design would have materially in­
creased the time required for their development and 
decreased the number of rounds which could have 
been prepared with the limited facilities available. 

The marked empht:tsis which was placed upon the 

• Supervisor.· of Section V (Propellants and Interior 13allis­
t,ics), Contract OEMsr-418, California Institute of Tech­
nology. 

development and experimental production of spe­
cific weapons prevented the systematic collection of 
as large a background of experimental facts con­
cerning the underlying principles of interior bal­
listics, ignition, and deflagration of double-base pro­
pellants as would normally be expected in the 
course of a program of comparable scope carried out 
under less urgent conditions. Nevertheless, suffi­
cient information has gradually been accumulated 
to permit a number of significant generalizations to 
be made, which ~ue presented in some detail in two 
book-length publications. J, 2 

No further explicit reference will be made to these 
books, which in themselves represent a summary of 
the subjects under discussion t:md which serve to ~ 
large extent as the basis for the present limited 
treatment. On the other hand, specific references 
will be made whenever possible to the technical 
reports of Section V which contain the pertiri~ht 
experimental data. Also all reports issued o:rlthe 
work of the section have been listed.h . 

The technical progress which was realiz.ed by . . 
Section V represents the efforts of at least 20 pro~ .· 
fessional men. However, the work of W. N. Lacey 
and D. S. Clark of the staff of the California In­
stitute of Technology was particularly helpful in 
connection with the supervision of certain of the 
activities. Acknowledgment should also be made of 
the significant contributions of R. N. Wimpress, 
W. H. Corcoran, and Q. Elliott to the field of 
interior ballistics nnd propellants, and of the assist­
ance rendered by B. II. Levedahl and D. F. Botkin 
in the studies of physical and thermal properties, 
respectively. 

bIn the general bibliography appended to this volume the 
principal Section V reports are listed under OEMs:r:-418 
designations lAC, IBC, ICC, IDC, !GO, JAC, JBC, JCC, 
JDC, and JGC. 
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Chapter 5 

INTERIOR BALLISTICS 

By B. H. Sage 

u PRINCIPLES OF ROCKET 
PROPULSION a 

T liE PRINCIPLES OF ROCKETRY, which are rela­
tively simple ,have been known for an extended 

period of time. In a general way, the relationship 
between the exterior ballistic behavior of the round 
and the performance of the rocket motor can be 
inclieated in the following manner for a projectile 
eontaining a weight W of inert eomponents and a 
weight w of propellant traveling at a velocity V 
with a thrust F applied. Under these circumstances, 
using t for time and g for acceleration of gravity, 
the acceleration is given by 

(1) dV Fg 
dt= W+w 

The weight of propellant changes as burning pro­
gresses and the products of combustion are expelled 
through the nozzle. If air drag and other minor 
effcets are neglected, the velocity at the end of 
burning, V0 , hereafter called the burnt veloeity, 
may be ev~tluated by the following expression, 
where wo is the weight of the propelhtnt and W is 
the weight of the inert parts of the round: 

·v = gJFdt 1 ( 1 + wo)· 
0 

Wo n W (2) 

For convenience, it is desirable to relate the thrust 
and the weight rate of burning of the propellant, 
dw/ dt, by means of a term called the effective gas 
veloeity, whieh is essentially constant for a given 
propellant burning in a particular rocket motor: 

F = y,_d~ ,, dt. (3) 

A eomhinat.ion of equations (2) and (3) results in 
the simplified expression: 

Vo = VE ln ( 1 + ~?} 

"Sec l'arts III and V [or different tmatrncnts of these 
principles. 

As a matter of interest, values of effective gas 
velocity for a number of the common rocket pro­
pellant combinations used in this country are pre­
sented in Table 1. These values arc applicable only 
to the specific combimttions of propellant and metal 
parts indicated. 

One of the more effective measures of the overall 
efficiency of a rocket motor is the specific impulse, 
that is, the impulse available per unit total weight 
of propellant or of motor. In general, a well-de­
signed rocket motor should yield an overall impulse 
of approximately 100 lb-sec per lb of motor; but 
not many of the roeket motors developed during 
World War II gave such high performance. Values 
of impulse per total unit weight of rocket motor for 
a number of the common rocket motors are included 
in 'l'ablc 1. However, experimental work now in 
progress b under the cognizance of the Navy in­
dicates that rocket motors can be developed with 
an overall specific impulse of approximately 120 lb­
sec per lb. Such improvements result from careful 
revisions in design so as to decrease to a minimum 
the weight of the metal parts as compared to that 
of the propellant. 

TARLE 1. l'erforroance of .JPN* p!'opellant in several 
rocket rnotors. 

Temp. Hocket 
motot· Grain"j" (0 F') 

2.25-in. Mk 10 Mk 1 10 
70 

130 

3.25-in. Mk 6 Mk 13 0 
70 

140 

5.0-in. Mk l :Mk 18 -20 
0 

70 
140 
160 

*See Table 2 for composition, ct.c. 

Effective Specific impulse 
gas (lb-sec per lb) 

velocity Propellant Rocket 
(fps) = V E/o motor 

6,670 207 32.6 

6,600 20.5 32.3 

6,350 197 31.0 
6,180 193 53.5 
6,900 205 56.0 
6,420 202 56.0 

6,600 206 57.2 

6,680 207 57.'± 

6,930 215 59.7 

7,000 218 60.5 

6,830 212 58.8 

j' See Table 4 for b"llistic chn,·ucLcri•tics. 

bIn summer of 1946. 
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s.2 PRACTICAL LIMITATIONS 

The performance of rocket motors is limited by 
a number of practical considerations. The change 
in enthalpy upon reaction of the propellant does not 
in most instances exceed approximately 2,300 Btu 
per lb. Maximum specific impulse for a JPN pro­
pellant is presented in Figure 1 as a function of the 
reaction pressure and the expansion ratio of the 
nozzle. The performance indicated is the maximum 

26 0 

-
240 

since the increase in pressure at the front end of the 
rocket motor over that obtaining at the nozzle 
causes a more rapid increase in burning rate than is 
compensated for by the increased flow arising from 
the higher pressure differential. In addition, rela­
tively long grains fail as columns near the end of 
burning and either prevent the egress of gas from 
the motor, with a consequent failure of the metal 
parts, or yield large losses of unburned propellant, 
with a corresponding decrease in specific impulse. 
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FIGURE 1. Possible specific impulse as function of reaction pressure and change in enthalpy. 

that may be obtained; hence the effective impulse 
in actual operations is less, depending upon the loss 
of unburned propellant, frictional effects, and other 
causes. 

Since the specific weight of most propellants is of 
the order of 100 lb per cu ft, the quantity of ma­
terial to be placed in any given cross section of 
round is limited. Therefore, it is only possible to 
increase the quantity of propellant in a round of 
given cross section by increasing the length. 

It is not possible, however, to increase the 
length indefinitely in the case of rockets with the 
nozzles located at a single section along the round, 
inasmuch as, when the burning occurs normal to the 
axis of the grain, frictional effects become of in­
creasing importance as the round is lengthened. 
These limitations finally become controlling, and 
the reaction of the propellant becomes unstable, 

These practical limitations can be overcome to a 
certain extent by the use of nozzles located at 
several sections along the axis of the rocket motor, 
but the resulting added complexity does not appear 
to justify this procedure except in a few special 
cases. Moreover, rounds which are excessively long 
in comparison to their diameter usually constitute 
a difficult handling problem. In general, it does not 
appear advantageous to utilize rocket motors whose 
length is much greater than 12 times the caliber of 
the round. 

It may be of interest to note that liquid propel­
lants do not impose the restrictions upon the 
geometry of the rocket motor that are encountered 
in the case of rockets with solid fuel. When liquid 
propellants are used, the reaction chamber may be 
made relatively small, and the fuel may be stored 
in containers of any shape suited to the exterior 
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ballistic requirements of the round. The stowage of 

such artillery rockets, however, constitutes a pro b­

lem that has not yet been solved. Nevertheless, it is 

believed that the USEJ of liquid fuel in the larger 

artillery rockets is well worth consideration. The 

German government realized some success with 

liquid-fueled roekets, which in many instances ex­

hibited supctior ballistic ch~tracteristics to the solid­

fueled rockets of comparable caliber. However, 

stowage difficulties were often encountered because 

of the corrosive action of the fuel. 

BURNING CHARACTERISTICS OF 
PROPELLANTS 

The colloid~tl clouble-ba.se dry-extruded fuels used 

in artillery rockets burn upon the exposed surfaces 

at a weight rate which is roughly proportional to 

the area exposed. It is therefore of importance in 

the design of charges for artillery rockets to ensure 

that the change in burning area as the reaction 

proceeds is in accordance with the bn1listic require­

ments imposed. For example, a marked change 

in the weight rate of reaction can be realized by 

relatively small changes in the cross section of 

the ronnel. The reaction pressure 11lso exerts a sig­

nificant influence on the burning rate, as does the 

temperature of the propellant. 

5.3.1 Influence of Position in Grain 
upon Burning Rate 

It hns been shown by numerous experiments that 

the burning rate of a solid propellant increases as 

the center of the web is approached. This is prob­

ably due in part to the gradual increase in the 

te:rnperature of the unburned propellant bec~wse of 

thermal transfer and in part to the somewhat higher 

rate of transfer of radiant energy from the motor 

walls, the temperature of which rises during the 

latter part of burning. However, experimental 

measurements indicate that, even when the radia­

tion and temperature effects described above have 

been eliminated, the burning rate of propellant 

under particular conditions of pressure and tem­
perature is higher near the center of the web than 

near the original surfaces of the grain .1 In Figure 2 

is shown the influence of position upon burning rate 

for Jp propellant, whose composition is given in 

Table 2, together with that of other typieal propel­

h:tnts. It is apparent that the influence of position 

is significant in that the final burning rate for a 

propellant temperature of 0 F is higher than the 

initial burning rate for a propellant temperature 

of 70 F. 
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FIGURE 2. Instantaneous burning rates fox JP 
propellant, showing in:fi.uence of position. 

5.3.2 Influeuce of Gas Velocity 

There is, in addition, a significant effect 'vhich is 
directly related to the fiow of the products of reac­

tion past the reacting surfttce. In the case of rela­

tively high -weight rates of fiow, the burning rate 

may be 30 or 40 per eent higher in the region of high 

gas velocity than where the reaction surface is sur­

rounded by an essentially stagnant gas phase. This 
influence of erosion is shown in Figure 3, which pre­

sents comparative photographs of partially burned 

grains at the front and nozzle ends. 



1·2 1N'l'£1!1 0 Jt BAJ.J.ISTICS 

Influence of Pressure 

For most double-base propellants, the burning 
ralc is significantly influenced by the J>rcssure of 
the reaction. This ll'lfiY in part n:sult from the 
highe•· rate of energy t.ransfer to the propellant 
from the products of re<1ction lJy radiation at the 
highct· pressures. The influence of pressun) m<Ly be 
approximuted by au exponential equation of the 
general form 

(5) 

A 

8 

turesindicaled. 1'he C»hlc also reco,·cls values of the 
exponent n . 

Influence of Ten• penllm·e 

rrcmpcratni'C also influences Uu~ burlliJ)g rate of 
a propetltHI t.' The bmn ing mte of the propellants 
which are markedly influenced by t.he reaction 
pressure arc also part.icuhrly susceplihle to the 
changes in the temperature of tbe charge. The 
importance of decreasing t hese effects is d ifficult to 
exaggcrMe since one of the prilllHy attributes of 

Fwmu·: 3. l)tttiially hunH'!d grains showing appl'cei~bJy less erosion &.t the fr·ont end (A) than at the. nozzle. 
end (B). 

where {J and n arc s ingle-valued constants of the 
initi,ll Lempera tnre of the propellant . The term 
p'/ 1,000 is used in place of lbe pr<lSS<l re in order 
to tiimpli fy numcric!ll cnlculations and pet·mit re<Hiy 
comp:u-ison of buming rate.~ . It shoulc:l be l'Calizetl 
that nt a rcRCtion pressure of 1,000 psi abs the con­
st.unt (3 repre.>ents t.he bu1'11ing rate. Values of this 
bttrning rate at 1,000 psi for several common pl'O­
pellants lti'C presented in Table 3 . It shonld be 
emphasized tiHtt these vnlucs represent instantane­
ous bu!'ning rates at t.he initial propellan t t.empera-

a good rocket propellan t is the small inlluel\Cc 
which reaction prcssuH' and propellunt tempemtm·c 
have upon the burni11g rate. Although most 
existing <:olloidnl propellants exhibit relatively 
large variations in bnrning rate with temperature, 
it is evident from Table 3 that fot· certain of t hese 
t he effec:~ is muc:h SJM!Ier t han fo•· the others. It is 
believed, therefore, that sig11ific:ant advancement 
in this direction can be made by careful investiga­
t ion of the prop<:llants which ohow the smaller 
influences of pressure and temperaLUre upon burn-
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'TARLB 2. Composition and sornc thermal properties of typical rocket prop!;'llants. 

Adiabatic 
Heat of flame 

Identification Type 
Composition 

Constituent Weight explosion tewperature 
(per Cent) (cal per gm)* (0F)t ----····--··----·--·---·---··-----,, _______ ... __ , __ . _____ ,.,. __ , _____ ,. ___ _ 

JP Balli~tite of same com- Nitrocellulose (13.25 per cent N) 52.2 1230 5300 

.TPN 

JI'H 
(FDAI' 60)t 

Jlnssian cordite 
(HJc\.I' 44)t 

II-4§ 

Ball powder 

218B 

position as trench mor- Nitroglycerin 4:3.0 
tar sheet powder Diethylphtha.late 3.0 

BnJlistite, modification 
of .Jl' formula to im­
prove stability 

Powder with burning 
properties similar to 
JPN, but of higher 
physical strength 

Double-base powder, 
cookr and slower burn­
ing than JPN 

Double-base powder 
with burning rate inter­
mediate between that 
of JPN and that of Rus­
sian cordite 

Compression-molded 
powder J.nade by ·west­
ern Cartridge Co. 

C ompressi on-mo 1 dod 
composite propellant 

Diphenylamine O.G 
Potassimn nitrate l.25 
Kigrosine dye (added) 0.1 

Nitrocellulose (13.25 per cent N) 
Nitroglycerin 
Diethylphtbalate 
Ethyl centralite 
Potassium sulfate 
Carbon black (added) 
Candclilla wax (added) 

Nitrocellulose (12.6 per cent, N) 
Nitroglycerin 
Ethyl centralite 
l'otassiurn sulfate 
Carbon black (added) 
Candclilla wax (added) 

Nitrocellulose (12.2 per cent I\) 
Nitroglycerin 
Dinitrotolucne 
Ethyl centralite 
Candelilla \vax (added) 

Nitrocellulose (13.15 per cent~) 
Nitroglycerin 
Dinitrotoluenc 
Ethyl centralite 
Potassium sulfate 
Carbon black 

Nitrocellulose (12.5 per cent N) 
Nitroglycerin . 
Trinitl'Otoluene 
Ethyl centralite 

Amn:wni= picrate 
Sodium nitrate 
Butyl ureaformalclehydc rosin 
Plasticizer 
Caleium stearate 

;)l..J 
J3.0 

:3.25 
1.0 
1.25 
0.2 
0.08 

55.5 
42.0 
l.O 
1.5 
0.2 
0.02 

.56.5 
28.0 
11.0 
4.5 
0.08 

58.0 
30.0 
2 . .5 
8.0 
1.6 
0.02 

45.3 
45.0 

!).0 
0.7 

46.5 
46.5 
5.1 
1.5 
OA, 

* Hca.t of explo~io11 aL constant v·olurnc with water in reaction products as liquid. 
t '"l'empcrature. with readlon at constant prct5~nre. 

1230 5300 

1260 5150 

880 3750 

!)50 4000 

1050 4500 

:t These IlUilJbcrs identify CXIJO!'imcnta.llots of propellant manufactured by the Sunflowl.::r Ordnance \\'orks, Lawre.nco, l{ansn~, that, n.re re.prcsl;u(,u.l,i.,.-o 
of t.h<~ dei:lignat.cd types-

§ Dc•igno.lcd T-2 by the Ordn<1nee Dcp<~rt.mN\t, 
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TABLE 3. Average burning rate data for typical propellants. 

Powder n* iJ(ips)* (a In 13) (alnp) t 
aT P aT K.y 

t 

(0 F) (70 F) (J40F) (1/°F) (1/"F) 
JP 0.71 0.551 0.671 0.815 0.0028 0.0096 
.JPN 0.6tl 0.564 0.651 0.752 0.0021 0.0068 
H-4t 0.65 0.330 0.380 0.437 0.0020 0.0057 
Russian (FDAP 4·i) 0.70 0.250 0.290 0.337 0.0021 0.0070 
German 0.71 0.188 0.218 0.254 0.0022 0.0076 
.Japanese 0.42 0.278 0.31.1 0.349 0.0016 0.0028 
Western Cartridge 0.64 

I 

0.340 0.393 0.454 0.0021 0.0058 
218B composite 0.52 0.700 0.750 0.802 0.0010 0.0021 
.JPH 0.69 0.581 0.676 0.785 0.0022 0.0071 ·---·--·-

*Constanta to use in relation B = {3 (p'/1,000)'". t Designated T-2 by the Ordnance Department. 'tt K..v, nozzle coefficient, is the rat.io of bttrning 
area to noz!iljle throat area. 

ing rate; that is, the propellants of the H-4 type o 

rather than the JP or JPN types. 

5-" OPTIMUM PROPELLANT 
CHARACTERISTICS 

Sufficient experience has now been accumulated 
to indicate the characteristics which are particularly 
desirable in a propellant for use in artillery rockets. 
It should be realized that these so-called optimum 
eharacteristics are from neeessity somewhat general 
and that the importance of eaeh of the several 
factors differs widely with various applieations. 

5.4.1 Burning Rate 

It is desirable that the influence of pressure, 
temperature, radiation, and gas velocity upon burn­
ing rate be as small as is feasible. 1- 3 Such a propel­
lant can proba.bly be approaehed by making suitable 
adjustments in composition and providing for ade­
quate opaqueness. Modifications of composition 
are particularly effieacious with propellants of 
somewhat lower potentinl than the JP group-the 
H-4 stoek, for example. 

5.4.2 Physical· Properties 

The propellant should have adequate eompressive 
strength and be resistant to impaet, especially at 

c Developed at Allegany Ballistics Laboratory for the 115-
mro aircraft rocket. This propellant composition is designated 
T-2 by the Army Ordnance Department. See Chapter 13 of 
this volume. 

low temperatures.H 1 It appears that ultimate 
compressive strength is an index of the performance 
of colloidal propellants under conditions where great 
axial stress is applied to the grain during deflagra­
tion; and high impact values are important in the 
handling of rocket motors, especially at low tem­
perature, since mal performance ma.y result if the 
impact energies are not at least comparable to those 
realized with JPN propellant (approximately 12ft­
lb per sq in. at a temperature of 0 F). It is also 
necessary that the compressive strength not deteri­
orate unduly at the higher temperatures. For ex­
ample, unsatisfactory field performance is obtained 
at 140 F with the Mk 13 grain in the 3.25-in. 
rocket motor Mk 6 when JP propellant, which has 
an ultimate compressive strength (at this tempera­
ture) of approximately 270 psi, is used. 8 However, 
satisfactory performance may be obtained with the 
same round at temperatures up to 150 F by using 
a propellant of identical ballistic eharacteristics but 
an ultimate compressive strength of 1,300 psi at 
140 F. 7 

5.4.3 Stability 

Although reasonable chemical stability is an im­
portant characteristic, most propellants involve 
compounds that tend to decompose with time. Ni­
trocellulose is espeeially troublesome in this regard, 
since its stability is signifieantly affeetecl by manu­
faeturing techniques and its rate of decomposition 
cannot usually be predicted with certainty. In 
order to improve eolloidal double-base propellants 
from this standpoint, it will be necessary to investi­
gate the eharacteristics of nitrocellulose, with par­
tieular attention to the influence of manufacturing 
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techniques and the nature of the cellulose employed. 
In addition, the investigation should include suit­
able stabilizers; for the principal improvement of 
JPN over JP powder is in stability, which is 
apparently attributable to the substitution of ethyl 
centralite for diphenylamine.d 

It is also important that the propellant be of such 
<"t physical nature as to be geometrically stable ·with 
respect to time. Any significant change in the geom­
etry of the grain during stowage will result in a 
corresponding change in ballistic characteristics. 
These changes may be extensive enough to cause 
f~tilure of the round. 

5.4.4 Toxicity 

It is important from a processing and loading 
standpoint that the propellant be as nontoxic as is 
compatible with satisfactory performance. Low 
toxicity is not a controlling requirement but is cer­
tainly a desirable attribute if the propellant is to be 
manufactured in large quantities with a minimum 
of special equipment and the fewest possible physi­
ological difficulties for the operators. 

Specific Impulse 

The specific impulse of the propellant should be 
the highest that is feasible. In this respect, pro­
pellants now vary from approximately 100 to 220 
lb-sec per lb; and it does not appear that many will 
be found in the near future for which the specific 
impulse will exceed the latter value. 

s.s INFLUENCE OF BURNING TIME 
ON TOTAL IMPULSE 

From the standpoint of exterior ballistics, it is 
usually desirable that the burning time be as short 
as feasible, since for most types of rockets dispersion 
increases with burning time. However, this factor 
is not of great importance in connection with for­
ward-firing fin-stabilized rockets launched from the 

d For fmther information on stab.ilizers and their effects on 
propellant characteristics, see sections of the Division 8 
Summary Technical Report covering the wol'l;: of Pauling at 
CIT tmder Contract OEMsr-881, and reports submitted under 
that contract. 

exterior of aircraft, because the airstream induces 
an inherent stability in the rocket at the time of 
launching. The design of a rocket is therefore a com­
promise between the requirements which must be 
met in order to obtain low dispersion and high 
impact velocities at short ranges, and the limita­
tions which are imposed by the design of the charge. 

The weight of propellant per unit cross section of 
rocket is roughly a function of the burning time. 
The influence of burning time on the specific im­
pulse per unit cross section of the round is shown in 
Figure 4 for JPN powder. e This relationship is not 
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FIGURE 4. Impulse per nnit cross-sectional area 
as a function of buming time for three types of 
charges. 

strietly single-valued but covers n wide range; 
depending upon the particular gntin section. em­
ployed. Ultimately, the optimum behfwior would 
be obtained with grain burning only on one end; 
but the burning time with existing propellants 
would be unduly long. 

s.6 EFFECTS OF ACCELERATION 

Acceleration imposes relatively large setback 
forces upon propellant grains. In the case of the 

• The curves shown are based upon a burning l'ate of 0.65 
ips, an internal area ratio (of burning area to ports area, i.e., 
the cross section available for gas flow) of 100 for tubular 
grains, and a motor of 5-in. inside diameter. 
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Mk 13 grain, for e:x:ample,u·12 a total force of ap­
proximately 340 lb is applied to the grid f by the 
grain during the early part of the acceleration of a 
round fired Ht 70 F, or about 525 lb for a round 
fired at 120 F. These forces cause elastic, and under 
some conditions plastic, deformation of the grain 
near the nozzle, with a corresponding decrease in 
the cross-sectional area through which the products 
of combustion flow from the forward end of the 
rocket motor to the nozzle. Since such port areas 
are relatively critical near the upper operating tem­
perature limit of the round, relatively small changes 
in port aL·ea resulting from the elastic and plastic 
deformation of the grain may influence significantly 
the temperature at which unstable burning occurs. 

Near the end of burning, the slenderness ratio of 
a grain becomes much larger; and, although the 
total force attribut,able to acceleration is smaller, 
the force per unit area resulting from the accelera­
tion may nevertheless be enough to cause breakup of 
the grain in flight when practically no disintegra­
tion would occur under static conditions. If suffi­
ciently extensive, the breakup of the grain ;vill 
result in the failure of the round because of the 
marked increase in burning area. In any event, it 
will cause a distinct increase in pressure and the 
loss of unburned propellant. 
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FIGURE 5. Pressure-time curves for Mk 13 grains 
shoWing· breakup near end of burning at 140 F. 

A significant part of the work of designing charges 
for rocket motors has involved studies of the in­
fluence of composition on physical character­
istics n •11 '13 of propellants in order to decrease not 
only breakup near the end of burning but also 
deformation at the beginning. The qw:mtitative 
nature of the breakup of grains is shown in Figure 5 
and is described in some detail elsewhere J2.l4 

1 A rocket component, usually of steel, which supports the 
rear end of the graii1, and Is suppo!'tod by the nozzle. 

s.1 TEMPERATURE LIMITS 

Tho operating temperatures of rocket ordnance 
are greatly limited by the effects of temperature 
upon the physical and chemical characteristics of 
the propellant. At low temperatures the propellant 
becomes more brittle;7 ·9 consequently, the grain 
may fail as the result of stresses imposed by accel­
eration or accidental impacts encountered in han­
dling. Furthermore, at low temperatures the burn­
ing rate of the propellant decreases suffieiently for 
unstable burning to occur, during which the reaction 
substantially ceases and the propelhtnt is reignited 
after an interruption. of as long as a second or two. 
The reignition may be eaused by contact with the 
hot metal parts of the rocket. In general, Sni.all 
grains begin to show unstable burning when the 
teaction pressure falls below 400 psi. However, in 
the case of large grains, where there are usually 
somewhat thicker gas films and where the energy 
loss per unit weight of propellant is somewhn,t 
smaller, stable reaetions can be 1 maintained at 
much lower pressures. 

With respect to reaction pressure, the lower limit 
of stability depends upon the geometry of the 
particular charge under considerationY'-18 At high 
temperatures the increase in burning rate introduces 
marked increases in pressure within the reaction 
chamber as a whole, and in many instances the 
upper limit of propellant temperature at which the 
round may be successfully fired is determined by the 
maintenance of st~tble burning near the end of the 
round opposite that at which the nozzles are 
located. Instn,bility is not often encountered with 
rounds for which the ratio of burning area. to port 
area is less than 100; however, the weight of propel­
lant which may be stored in each unit cross-sectional 
area is limited. As a matter of interest, a number of 
the more pertinent interior ballistic characteristics 
of the several principal rocket charges developed by 
OEMsr-418 during World War II are recorded in 
Tt'l.ble 4. 

For rounds in which the upper temperature limit 
is not controlled by the pressure developed during 
the reaction or by the occurrence of unstable burn­
ing of the propellant, it is limited by the phyflieal 
propertiefl of the propellant. The ultimate com­
pressive strength decrettses markedly with increase 
in temperaturc, 7 •8 ·10 and in each case a temperature 
is reached at which the charge will not withst1md the 
acceleration and frictional forees without under-
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going significant plastic deformation. Under these 
circumstances the port area is decreased, and even­
tually a condition of unstable burning is reached. 

T "mLE 4. Balli~tic charaeteristies of several rocket 
motor charges. 

Grain Mk 1* Mk l3t Mk 18:j: 
Burning area, A" (sq in.) 

Initial 08.\J 281.4 598 
Final 66.4 200.0 613 

Free port area, .:1" (sq in.) 
Initial 0.06 2.54 6.3 
Final 3.U (j_go 16.8 

Ratio o[ burning area to 
port area, .4.j.4." 

Initial 103 110.7 105 
Final 21 37.7 30.5 

Average nozzle pressure (psi) 
-20 F 340 610 

0 1±50 734 
20 874 
70 1,580 850 1,071 

130 2,.587 
140 1,330 1,902 

*In 2.25-in. Rocket Motor Mk 9, 
i" Jn 3.21)-in. Rocket Motor Mk 7. 

tIn 5.0-in. R.ockct Motor Mk 1. 

The influence of temperature on the ultimate com­
pressive strength of two propellants is presented 
graphically in Figure 6, which also shows the cor­
responding stresses imposed during firing under both 
static and flight conditions for the 3.25-in. rocket 
motor with a Mk 13 grain. 

5.8 CHARGE DESIGN 

The design of propellant charges for rocket motors 
is controlled by the exterior ballistic requirements of 
the rocket and the deftagrating characteristics of the 
propellant. Since the object is usually to obtain a 
relatively uniform acceleration, which involves a 
constant weight rate of discharge from the nozzle 
during cleflagration,l· 10 -

22 it is customary as a first 
approximation to design charges to burn neutrally. 
However, because of the thermal energy transferred 
to the metal parts of the motor and the consequent 
decrease in tensile strength of these parts, it may be 
necessary to arrange for the reaetion pressure to 
decrease as the reaction proceeds. 

This regressive type of charge design is particu­
larly desirable in external-burning grains, such as 
the cruciform, where large changes in the physical 

characteristics of the metal parts may take place 
during the burning interval. In addition, there is a 
significant erosion of most nozzles, especially when 
the reaction pressure is high and the nozzle diameter 
small. This tends to increase the weight rate of flow 
for a fixed reac.tion pressure. Thm·dore, even if the 
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FIGURE 6. Influence of temperature upon the ul­
timate compressive strength of JPH and JPN pro­
pellants. 

charge is neutral in so far as its geometry is con­
cerned, there will be a regression in the pressure as 
the reaction proceeds. For this reason it is often 
possible to design. a neutml-burning grain and 
obtain the advantages of regressive burning by an 
increase in nozzle area from erosion. On the other 
hand, it is impossible to lengthen a particular rocket 
grain indefinitely without reaching an unstable 
situation wherein the increase in burning rate re­
sulting from the rise in pressure is greater than the 
increase in rate of flow resulting from the same rise 
m pressure. 

A number of typical grain sections employed in 
rockets developed during World War II or under 
investigation at that time are illustrated in Figure 7. 
All these charges burn externally, or both internally 
and externally, and hence require sufficiently heavy 
metal parts to withstand the reaction pressure at 
the end of burning, when the average temperature 
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of the mch• l parts is nu11·keclly higher than a t t he 
heginn.ing. It itppears thttt a sign.iftcttnt decrease in 
the weight of t.be metal parts mny be realized by 
u tili~ing nn intcrnnl· lmnting gntin of tlu" t,ypc 
shown i:n FigureS, wbicb is inllibited on t he periph­
ery to prevent buruing except in the axhtl pcr­
foration.'M:s-:!G !vron~ roe(~t\i.". Hxperi~nce with lhis 

0 
TVSI,Jl,.AR 

CRUCifORM 

Tftl f'ORM 

SLAB OG T AFORM 

t ype of grain t han was cove•·e<i by t he work of 
Section V of OENfs r-4 1$ indic:a\t).~ that 1·hc SlJrfacc 
temperature of the metal pa1·ts m,w be mainb1ined 
below 140 Fat. all points except where t he pt·oducts 
of reaction c:ou1e in <:onUt.el.. with the .iut(!rior <.>f t h<) 
wall . Suc h a g•·nin is particularly ada ptable for use 
in spin-:>tahilizcd nu·l\etr$ sitwc it. is well s upported 
against celltrifugal forces. 

J ntcrnal-but·ning grains arc considered one ot t he 
most, pron'lising mt~ans of iucn~asiug t h~ perfonmJ nc:c 
of rocket motors, Ior it has been shown t.b,l\ their 
use will permi t. the ovcmtll specific impulse of t.be 

motor to be ra i>('d to a ,.91ue well :lhovc 100 lb-sec 
per lb. Jl, is possible Lo t:OJnhirw the iuterna} .. burn~ 
ing gra in with t he cxtcrnal-bm-ning: grain to obtain 
a relatively higl1 density of lo~Hli ng nnd yet keep the 
bunting time wit hill the limi t« imposed by d\c 
exterior ballistic rcquil·emcnts for man_,. tvpcs of 
romul~ .~ 

T he design of a solid ftu~l propulsion system for a 
part icul ar application is based upon t he fundn­
menla) prin<: i ple~ of interior hallif:tic-~ .. ·.n ,'!"!-:!'i a~ well 
as upon an appt·aisal of the desired eha racterist.ies 
of the round . Por exmnplc, if t he ronnel is to be one 
of ma~imum burn t vc•lor ily aud st raight u·ajcclot·y . 
such ns an :;nniaircrnft. rocket, it is nec·e~.s:uy to 

F'tGt;RJoi S. l rn~rnnt-Our·ni'llf:' gnti!t with cog­
shaped axial perforation. 

obtnin thr mnximum impul~e })f' l ' unit of cJ·os:=. 
section . r\.n Nld-burning grnin of suffh·iPudy rapid 
bul'llin~t rate to ~tivc the dcsiJ·cd acc~leralion and 
main1<)iJ) a high tt-'nninal v<•loci ty would probably 
meet the requiremeJlts. Iiowe\·erJ since (~xisting 

propelh1111s do not even approar,h the necessary 
burn ing t<\lc, <Ul inte1·iot·-burt1 in~ grain Lll us t, he 
cmpl.oycd. 

T'h(~ lt}ug1h of Uw gra in wltit·h i~1o be: u;-;.ed J nnd 
hence the average weight per u•ut. cross section, is 
limited by the ratio of the burning :t •·ca to the po•·t 
<J rea. This ratio is pr(~~unh'!(l in Figum B a~ a. fmw· 
tion of ibe perccn.tnge of t he Cl'<><S-sectiunal a rea 
occnpiecl by prOpt•llant for st•vcml l'll l.ios of the 
lengt h to the dia meter of r"' intemal-buming gmin 
with cylinclrirnl a xial pc1·fm·ation . T his rcp,·cscnt.s 
t h~ mil)imum \·alue. of th~ ra tio of hurnj ng a rea to 

~.:This di$eussion t1ot'S not inr·h tdt• multiple-:p·ain t·h~rg<>-s of 
the conventional t.ype, ~uc:h ns W('l·c ·widely used with soh•cnt.­
pl'O«>sa<.:d do,lhlt·-h~s·~ prop~Unnts :md in ~ numher «~( forE•ign 
rockets . Such c:htuges t\)>P<"Cll' t.o have hC'cn cffccti\'<' in ~tuum­
l>e•· of :.tppl ie~tions; boL they pn~dudE: insu1~ting tb~ molor 
wnU fl'om the trAnsfe:.t of (hm·mnl cncrgr wllh the graio itself 
aa r:ln he d<)ne in t h<; (':-\~'of lhP. iutl•rn:tl-hurnin)( ch~rgt! . 
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port area that may be obtained with any shape of 
interior perforation and, therefore, is the optimum 
fraction of the cross-sectional area that may be 
occupied by propellant. However, the cylindrical 
cross section cannot usually be employed, since it 
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FIGURE 9. Influence of size of cylindrical perfora­
tion upon characteristics of an internal-burning 
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results in an unduly progressive charge, except in 
instances where the web thickness is so small that an 
axial perforation with irregular periphery is not 
required. 
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FIGURE 10. Influence of relative port area in an 
internal-burning grain upon loading density. 

The data presented in Figure 9 permit the evalu­
ation of the ratio of port area to cross-sectional area 
that should be employed in order to obtain the 

mn,ximum weight of propellant in a particular rocket 
motor. In Figure 10 the weight of propellant that 
can be loaded into each unit cross-seetional area. of 
a motor is shown as a function of the ratio of port 
area to cross-sectional area. In this instance it is 
assumed that the maximum acceptable ratio of 
nozzle port area to burning area is 100. 

5.9 RECOMMENDATIONS 

In the opinion of the writer, the use of internal­
burning grains is the most promising approach to 
future developments in charge design and interior 
ballistics of rockets using solid fuels. In the case of 
short grains in which burning time is not important, 
a relatively small port area may be employed with a 
corresponding increase in the weight of propellant 
per unit of length and cross section. In situations 
where burning time is of importance, a propellant 
grain of the cross section illustrated in Figure 11 

FIGURE 11. A shell-and-rod charge extruded as a 
single grain. 

should prove useful. This grain is shown as ex­
truded in a single piece, with the burning taking 
place on each of the exposed surfaces except the 
periphery. By appropriate modification of this 
design, it should be possible to obtain almost any 
desired burning time for a grain of given cross 
section.h 

h The development of extrusion techniques and .the details 
of the design ofsuch gmins have been carried out at the Naval 
Ordnance Test Station, Inyokern, subsequent to the termina­
tion of active work under OEMsr-418. 
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More specifically, the use of internal-burning 
grains in a number of applications appears desirable 
for the following reasons: 

1. This type of grain avoids heat transfer to most 
of the wall of the rocket motor, thereby permitting 
the use of tubes of thinner steel, or possibly alu­
minum alloy, with a corresponding increase in the 
specific impulse of the motor as a whole. 

2. The extrusion of concentric-web charges as H, 

single unit will permit the· production of internaJ­
burning grains which are relatively simple to load 
and will withstand the high rHdial stresses asso­
ciated with spin-stH.bilized rockets and still yield 
short burning times. 

3. The internal-burning grain, or a variation 
thereof, permits nearly t1he optimum quant1ity of 
propellant per unit cross-sectional area that can be 
obtained with any geometric design yet pro­
posed. 

4. Present information indicates that internal­
burning grains of JPN propellant burn stably over a 
rehtively wide range of conditions and may be 
ignited without difficulty. 

5. It is not necessary to provide a conventional 
grid for these grains. 

6. The inhibiting of the exterior of the grains does 
not appear to constitute a production problem and 
may be accomplished by the application of cellulose 
acetate or ethyl cellulose as a spirally wrapped strip, 
a flat wrapped sheet, or a hot molded envelope. 

It is believed that by the use of internal-burning 
grains rocket motors can be constructed to give 
overall specific impulses significantly in excess of 
100 lb-sec per lb. Work should be directed toward 
the investigation of internal-burning charges which 
are closed at the end of the grain away from the 
nozzle, thus a voiding heat transfer to metal parts 
except in the immediate vicinity of the nozzle. In 
the case of long-range artillery rockets, this type of 
grain might be supplemented by an end-burning 
charge which would supply sufficient thrust to main­
tain high velocity after the end of burning of the 
primary charge. Such grains could be inhibited in a 
single piece. It should be emphasized, however, that 
these latter recommendations have not yet been 
investigated and hence should be considered only as 
proposals for future study. 

At the present time the development of several 
types of internal-burning grains is in progress under 
the supervision of the Services. These should be 

useful in both spin- and fin-stabilized rockets. In 
applications where long burning time is permissible, 
a single axial perforation will probably suffice ex­
cept in units of exceedingly larg;e diameter. 

5.10 LIQUID FUELS 

As has been indicated, solid fuels have n number 
of limitations, notably the sign.ificant influence of 
temperature upon the ballistic and physieal char­
acteristics of the propellant. Moreover, the Ger­
mans had notable success with the use of liquid 
fuels in at least one large guided missile and in a 
limited number of simpler artillery rockets. It is 
believed, therefore, that the use of liquid fuels in 
large artillery rockets should be given NUeful con­
sideration. Solid fuel may be used as a pressurizing 
agent, and the fuel containers need only be designed 
to withstand the reaction pressure at ambient tem­
perature. The reaction chamber may be relatively 
light, and film cooling may be employed. 

One of the primary requirements for a satisfactory 
liquid fuel for an artillery rocket is stability. At the 
present writing, binary liquid propellants seem to be 
more desirable for large artillery rockets than mono­
liquid propellants. The probability of the detona­
tion of a binary liquid propellant by small arms fire, 
or even high explosives, is small, whereas there will 
nearly always exist an energy threshold above which 
a mono-propellant will detonate. It appears that 
liquid-fueled rockets could be constructed in the 
larger sizes with a higher specific impulse for the 
rocket motor as a whole than the corresponding 
solid-fueled rockets. The cost of the metal parts 
may be somewhat higher; but, if the binary com­
bination which is chosen shows adequate stability, 
the increase in performance would probably justify 
the added expense. 

The transition from solid- to liquid-fueled rockets 
should be considered at calibers between 8 and 14 
in., in so far as can now be determined. It does not 
seem practical to prepare single-grain solid fuel 
charges in diameters larger than perhaps 12 in. 
On the other hand, the use of liquid fuels in small 
rockets appears to be an unwarranted complication. 
The actual sizes and applications in which these 
two types of rockets will prove respectively 
superior remain t,o be established by develop­
ment and Service experience. At the present titne 
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it is believed that the u::~e of the oxides of nitrogen 
or nitric acid as the oxidant and aniline or one of its 
derivatives as the fuel is the most prOinising com­
bination for the immediate development of liquid­
fueled rockets. Hydrogen peroxicle-hydrazene hy­
drate combimitions do not appear well adapted to 
artillery rockets because of the difficulty of extended 
storage of hydrogen peroxide in sealed metal 
containers. 

In conclusion it is reiterated that the develop­
xnent of liquid-fueled artillery rockets utilizing 
binary spontaneously ignitable liquid propellants 
appears to be worth while in spite of the added 
hazards involved, because of the marked simplifica­
tion in the ignition system. This opinion is based 
upon satisfactory experience with colloidal pro­
pellants, which nearly always ignite if the case of 
the rocket motor is penetrated by gunfire. 



Chapter 6 

IGNITION 

By B. H. Sage 

6.1 GENERAL PRINCIPLES 

I GNl'l'ION IN ROCKETS has for the most part been 
satisfactorily accomplished with black powder 

igniters initiated by electric squibs, although in a 
number of instances percussion units have been 
employed. Other types of igniter charges have been 
investigated at least to some extent; but, of these, 
organic materials such as double-base propellants 1 

have not proved particularly successful, and metal­
oxidant mixturcs,2 • 3 although acceptable from the 
ballistic standpoint, offered no significant advantage 
over black powder in this respect and at the same 
time appeared to be somewhat more hazardous to 
handle. The mixture of this type which was found 
most satisfactory, magnesium powder and potas­
sium perchlorate, is subject to detonation when 
fired in significant quantities; hence no extensive 
investigation was made of its detailed application. 
Moreover, since a large number of munition manu­
facturers are familiar with the methods of process­
ing black powder, it is believed that the continua­
tion of its use as an igniter charge in rockets fueled 
with double-base propellants is desirable. The 
present discussion will therefore be confined to 
black powder igniters and their characteristics. 

In principle the ignition of a rocket motor utiliz­
ing a double-base powder as the propellant consists 
in transferring energy to the propellant at a suffi­
ciently high rate to bring the immediate surface 
to the autoignition temperature, which is approx­
imately 340 F. The detailed mechanism associated 
with this process is not well understood, although it 
appears that the igniters in question function pri­
marily by the radiant transfer of energy from the 
products of reaction of the black powder to the pro­
pellant. Since the products of reaction of the black 
powder have a somewhat higher emissivity than 
those of the propellant, unusually high rates of 
burning of the propellant are obtained during the 
period that the products of reaction of the igniter 
are within the reaction chamber. This behavior is 
illustrated by Figure 1, which shows pressure as a 
function of time for the Mk 18 grain at several 
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FIGURE 1. Pressure4ime relationships for the 
Mk 18 grain. 

temperatures. It is apparent that the maximum 
ignition pressure changes only from 550 to 1 ,500 psi 
with a change in propellant temperature from -24 
to 160 F. The corresponding change in reaction 
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pressure is from 570 to 2,500 psi. These somewhat 
typical data indicate that ignition pressure is not as 
greatly infl.uenced as reaction pressure by the burn­
ing rate of the propellant. 

An increase in the quantity of black powder in­
creases the ignition pressure significantly. Within 
limits, an increase in the relative quantity of bhtck 
powder per unit of free volume in the grain and 
igniter interval decreases the frequency of misfires 
or hangfires at temperatures close to the lower tem­
perature limit of stable burning for the charge, 
although an increase in the size of the igniter be­
yond that necessary to produce an ignition pressure 
of approximately 1,000 psi does little to decrease the 
temperature at which reliable ignition can be 
obtained. However, an increase in igniter charge 
beyond this point or an increase in propellant tem­
perature decreases the ignition delay, as is evident 
from Figure 2. 

It should now be emphasized that the ignition 
pressure does not correspond to the pressure o b­
tained when the igniter is fired in a free space of 
identical geometry involving only inert materials. 
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FIGURE 2. Relation between ignition pressure and 
ignition delay for 2.25-in. rocket motors. 

In such instances the pressure ~ithin the chamber 
rises to perhaps 100 psi because of the reaction of the 
igniter alone. However, in combination with a grain 
of double-base propellant, the ignition pressure may 
be 1,500 psi. These values indicate the effect which 
the presence of the products of reaction of the 

igniter have upon the rate of reaction of the 
ballisti te. 

6 ·2 IGNITER CONSTRUCTION AND 
PERFORMANCE 

A typical design of an igniter for a 2.25-in. rocket 
motor 4 is presented as Figure 3. The black powder 
is ignited by an electric squib. Experimental work 
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FIGURE 3. Plastic-case igniter for 2.25-in. rocket 
motor. This unit contains 12 g FFFG black powder. 

has shown that the following is the approximate 
time schedule for the several steps in the ignition 
process. The values given represent the elapsed 
time in milliseconds from the application of the 
electric energy to the squib. 

Melting of bridge wire 
Initiation of black powder 
Rupture of case 
Ignition of propellant charge 

3 to 4 
5 to 6 

18 to 25 
25 to 36 

It appears from this time schedule that the 
actual ignition of the propellant charge requires 
approximately one-third of the total ignition period 
and that the remainder is consumed in the action of 
the squib, the initiation of the reaction of the black 
powder, and the rupture of the case. 

Black powder igniters are relatively cheap to 
prepare and involve materials that are readily 
available. In general, either a glazed or shell powder 
of approximately FFF granulation can be employed 
to advantage. It has been found that a decrease 
in the size of the particles to "dust" does not sig­
nificantly decrease "the ignition delay and often re­
sults in unsatisfactory performance because of the 
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tendency of the dust to cake if slight quantities of 
moisture gain entrance to the ignit;er. On the other 
hand, effort,s to sustain the ignition pressure by the 
use of coarse granulation did not prove particularly 
effective, and it appears that there is little to be 
gnined by the use of a gnmulation coarser than that 
which will permit complete reaction of the black 
powder before expulsion from the rocket motor. 

Since bbck powder is somewhnt hygroscopic, 5 it 
is desirable to simi the igniter case in such a fashion 
as to prevent the entrance of moisture during stor­
age. Small qunntities of water up to npproximately 
1.5 weight per cent do not seriously affect the igni­
tion characteristics (see Figure 4), but an increase 
in the water content of the black powder significantly 
nbove this value results in erratic and unpredictable 
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FWURE 4. Influence of moisture in a black powder 
charge upon ignition delay for a 5.0-in. spin-stabi­
lized rocket. 

ignition delays and mny cause disintegration of the 
active ingredients of the squib. A water content of 
1.5 per cent corresponds to equilibrium at a relative 
humidity of about 92 per cent at 80 F. 

The electric squibs employed in most of the ig­
niters with which this group has been concerned 
were of a stnndard defiagrating type prepared by a 
commercial munitions manufacturer. The current 
required was approximately 0.5 ampere in order to 
cause the bridge wire to fail in 3 or 4 milliseconds. 
If currents significantly less than 0.5 ampere were 
used, the time required for the failure of the bridge 
wire was uncertain and increased rapidly until it 
exceeded 1 second with currents of approximately 
0;2 nmpere; · but increasing the current above 
approximately 1 ampere did not significantly affect 
performance-. Squibs can be prepared requiring 

much smaller energies than those indicated above; 
for example, experimental squibs have been tested 
which give reproducible ignition delays with energy 
requirements of less than 20 ergs. 

The squibs employed in many of the rockets 
developed by this group during World War II were 
susceptible to ignition by high-voltage electric dis­
charge. It was found that the voltage applied be­
tween the face of the squib and one of the leads 
differed markedly from unit to unit, apparently 
because of irregularity in the depth to which the 
bridge wire was immersed in the active ingredients, 
and that normal statistical variation resulted in a 
limited number of squibs which may have been sen­
sitive to the static discharges likely to be encoun­
tered in handling. However, in the course of loading 
several hundred thousand squibs, only two ignitions 
occurred which may be attributed to static discharge. 

The squibs were fired by means of a low-voltage 
electric circuit, part of which was located within the 
rocket motor. The connection between the interior 
of the rocket. motor and the lends to the firing circuit 
was accomplished in a number of ways, depending 
upon the design of the particular motor; but the 
maintenance of an adequate seal to prevent the 
entrance of moisture was troublesome. It may 
therefore be desirable in the future to consider the 
use of low-energy squibs and induction firing 6 in 
order to avoid the necessity of sealing the leads and, 
particularly in the case of rockets fired from auto­
matic launchers, connecting the rounds to the firing 
circuit. The possible hazards arising from stmy 
electromagnetic fields may be minimized by t,he use 
of specially wound coils requiring unusual configu­
rations of field in order to induce the requisite 
energy in the interior circuit. 

Because of the relatively fragile nature of the 
squib and the black powder grains, it is customary 
to assemble the igniter in some kind of semirigid 
container. From the standpoint of short ignition 
delay it is probably desirable to maintain the ratio 
of the surface of the container to the volume of the 
container as small as possible, but small digressions 
from the spherical shape which is thus indicated do 
not materinlly influence performance. Igniter cases 
have usually been prepared from plastics 4 •7.8 and 
metal. Igniters with tin plate cases 9 have proved 
to be entirely satisfnctory with motors having 
nozzles lnrge enough not to be plugged by fragments 
of the case; a typical design for use with n 5.0-in. 
rocket motor is shown in Figure 5. Diffusion of 
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nitroglycerin from the double-base propellant causes 
deterioration of plastic cases; but, under normal 
conditions of storage in Service use, the ballistic 
performance of the igniters does not seem to be 
modified signifieantly. 

Some type of very thin metal igniter case of 
cylindrical shape would appear to be satisfactory 
for internal-burning grains, and it is possible that 
an alloy of relatively low melting point might be 
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FIGURE 5. General arrangement of Mk 14 igniter 
for a 5.0-in. rocket motor. 

desirable to avoid the difficulties a.ssociated with 
nozzle plugging. To facilitate loading and prevent 
movement of the squib with respect to the case 
during vibration, a small stamping or other piece 
should be provided to hold the squib in place. In 
general, the heavier the wall of the igniter case, the 

greater the stresses imposed upon the grain at the 
time of the rupture of the case; however, up to a 
certain point an increase in the weight of the case 
decreases and renders more reproducible the igni­
tion delay. Under certain circumstances cloth bag 
igniters appear to deteriorate more rapidly when 
subjected to vibration than do either the metal or 
plastic units. 

6-3 SUMMARY OF REQUIREMENTS 

For optimum performance an igniter should ini­
tiate the reaction of a propellant charge in a mini­
mum of time. Apparently the time required to 
initiate the reaction of double-base propellant is 
from 6 to 10 milliseconds, and this time is roughly 
independent of the quantity of bhtck powder em­
ployed. Normal igniters of the present types 
usually give ignition delays from 25 to 36 milli­
seconds, depending upon the geometry of the rocket 
motor and the design of the igniter. It is doubtful 
whether the reaction of the propellant charge of a 
rocket motor with a single igniter can be initiated in 
much less than 12 milliseeonds; and the decrease of 
ignition delay to this value must be accomplished 
for the most part within the igniter itself. 

An igniter should not react with sufficient violence 
to place undue stresses upon the propellant charge. 
For this reason it is desirable to make the case of the 
igniter no heavier than is necessary to confine the 
ignition charge until it is ignited. Approximately 
6-mil tin plate appears heavy enough to meet this 
requirement. 

An igniter should function over a range of tem­
peratures which corresponds to the range of suc­
cessful operation of the round as a whole and should 
also be reasonably resistant to the influx of moisture. 
These, as well as the other requirements summarized 
above, can be satisfied with either plastic case or 
metal case igniters of suitable design. 



Chapter 7 

DRY~PROCESSED DOUBLE~BASE PROPELLANTS 

By B. H. Sage 

7 ·1 CLASSES OF PROPELLANTS a 

THE NOMENCLATURE ~\$SOciated with the desig­
nation of the several types of double-base 

propellants is not entirely clear. For present 
purposes they will be considered in two general 
classes: those which are processed by the use of 
solvents, and those which are processed from mix­
tures with water to the finished propellant without 
tho use of solvents. The first class will be referred 
to as solvent-processed propellants and the second 
as dry-processed propellants. Although the cost of 
manufacturing propellants by either of the . two 
methods is comparable, the removal of solvent from 
grains having a web thickness greater than 0.5 in. 
requires such unusually long periods of time and 
dimensional uniformity decreases to such an extent 
that grains with thick webs are usually processed by 
the dry method. The dry processing probably in­
volves a slightly greater hazard during manufacture 
but yields a product of good dimensional uniformity 
which may be prepared in web thicknesses lim­
ited only by the scale of the available extrusion 
equipment. 

7
·
2 COMMENTS ON MANUFACTURING 

METHODS 

No effort will be made in this report to discuss 
the relative merits of the several methods of prepar­
ing dry-processed propellants, but a few general 
comments appear to be in order. Although con­
ventional methods are used in the manufacture of 
the requisit,e nitroglycerin and nitrocellulose, it has 
been found that the nitration and source of the 
cellulose influence significantly the physical char­
acteristics as well as the ballistic potential of the 
propellant. Double-base powders prepared from 
nitrocellulose made from wood pulp are much more 
difficult to extrude than powders of identical com­
position prepared from nitrocellulose made from 
cotton linters. For this reason most of the nitro-

• Sec also Part III. 
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cellulose employed in the manufacture of dry­
processed double-base propellant in this country 
during World War II was prepared from cotton 
linters. In so far as is known to the writer, the 
reasons underlying this difference in extrusion char­
acteristics are not yet clear. However, it is evident 
that nitrocellulose with a wood pulp base yields a 
powder which tends to check and crack upon 
extrusion and which gives a much higher velocity 
distribution across the die than powder derived from 
nitrocellulose with a linters base. 

In the case of the slurry process, the nitrocellulose 
is mixed with a rebtively large quantity of water 
and agitated. The nitroglycerin is then introduced, 
together with certain of the additive ingredients, 
and the whole permitted to come to substantial 
equilibrium. The nitroglycerin is assimilated by 
the nitrocellulose. The resulting solid or plastic 
phase is separated from the water by means of 
centrifuges. At this point in the process the paste 
contains approximately 30 per cent water by 
weight. It is allowed to age and dry in bags, where 
the moisture content is reduced to approximately 
6 per cent. After blending, the material, which is 
now called "dry paste," is placed upon differential­
speed rolls of a design adapted from the rubber 
industry and rolled sufficiently to colloid the stock 
reasonably well. It is then removed from the dif­
ferential-speed rolls and transferred to even-speed 
rolls, where further mechanical energy is added in 
the course of a number of "bookfolding" operations. 
The resulting sheet is approximately 0.050 in. thick 
and slightly translucent, although the addition of 
approximately 0.2 per cent carbon black renders it 
relatively opaque. 

The details of the manufacturing 1 of double-base 
dry-processed propellant varied significantly from 
plant to plant in accordance with the availability of 
facilities; nevertheless, there appeared to be no 
marked variation in the quality of the product. A 
relatively large number of fires occurred in the 
course of the rolling operation. :However, the use of 
special deluge equipment reduced the number of 

bAll under Ordnance Department contracts. 
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injuries to personnel to a relatively low value. De­
tonation of the propellant stock on the rolls has been 
known to occur. 

1.s EXTRUSION OF DOUBLE-BASE 
STOCK 

The extrusion of dry-processed double-base pow­
der was first carried out in the late fall of 194I.l 
Additional work was done on a somewhat larger 
scale shortly thereafter, 2 and relatively large grains 
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of JP, JPN, and JPH (see Table 2 of Chapter 5) 
sheet stock into finished grnins. 

The extrusion operntiori involves the henting of 
the sheet powder to a temperature of from 100 to 
140 F, depending upon the gmin section to be pre­
pared, and the insertion of the sheet stock as a 
"carpet roll" or as flakes into a horizontal or vertical 
press. After the press has been closed and the pres­
sure lowered to approximately the vapor pressure of 
water at the charge temperature, the volume of the 
charge is redueed until the charge is extruded at 
pressures from 4,000 to 9,000 psi. 
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FIGURE 1. General arrangement of 18-in. vertical extrusion press at Naval Ordnance Test Station, Inyo­
kern. 

were extruded at a somewhat later date.3 A small­
scale extrusion plant was designed for the Navy 
Department. 4 This was built and operated by the 
Navy at the Naval Powder Factory, Indian Head, 
Maryland. The methods of preparing more complex 
multi web grains 5 are not particularly difficult, and 
there are indications that conventional die design as 
practiced by the plastics industry mny be employed 
in the extrusion of a number of the double-base dry­
processed propellants. A description of the experi­
mental production facilities developed in the Pasa­
dena area by CIT under OEMsr-418 is available. 6.7 

These facilities c were used mainly for the processing 

• Most of this equipment has been moved to the Naval 
Ordnance Test Station, Inyokern, California, and to Pica tinny 
Arsenal. 

Commercial manufacturersu throughout the coun­
try utilized horizontal extrusion presses varying in 
diameter from 8 to 15 in. But such presses are dif­
fieult to feed with other than "carpet roll" extrusion 
eharges; henee nearly all material to be reworked in 
the commercial establishments was rerolled into 
sheet stock and in most instances blended w-ith a 
certain amount of new "dry paste."- On the other 
hand, the group at the Cnlifornia Institute has 
generally favored the use of vertical presses because 
they permit the direct extrusion of rework material 
without an intermediate rolling step. Charges of 
double-base stock which had been cut into rela­
tively small pieces were fed to the vertical presses 

d All under Ordnance Department contracts. 
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without difficult~· . lfowevcr , t he vert.ical presses 
requited mote exl<~al.Sivc harri<!adc~ $ • ., t.han would 
ha,·c been necessary for borizontnl pn~ssos. ll j::;. 

probabi<) t.hat each t·ypc of hydr·aulic preos bas ils 
advttntagcs ftnd ~hotlcominb~ for a pa.rt,icuhn 
situntion . 

All.lrough it docs noL appear desirable to enter 
into n detailc<l <liscu.ssion of (be dc:•igrt and opcr'>l­
tion vf Cxt.ru'Sion pl'csscs, a. schcm~uic drawing and fl 
photugt·nph of •'n 18-jn, V(~rtic;ll extrusion pt·c::.s al'e 
prcsentecl:•s Figures 1 and 2. This Jlress, which ;, 
localctl "t t he China Lake Pilot Plant of the Naval 

lbal Lbe dies be prep;lrcd with a relatively high pol­
ish iu oHlet· to decrease the fric:ti011 between the 
mcl.~t l surface} :~nrl the propellant being cxkudc,l. 
Thi.s ~H·oids loca litcd cx:c0ssivu tcmpcnttUI'CS Ht 
the interface, wbich ha.ve probably c:auscd at least 
one press iguitivn.10 A low coefficient of friction ilhso 
dccrc;lses Che velocit.y dis tribution within the wo­
pdlaut duri_ng cxtl'usion and cousequem.Jy may re­
duce Lhc fr<J<l U<Jucy of inhomogeneities in the 
e.~lt·uded pt·oducL. 

The c:-.:tt·uded gl'tl ins imtucdiatel.v undergo :1. sig~ 
nifi<:~mt change iat siz<~ , which is usunlly a. <limen-

FIC"UP.E 2·, Eighteen-inch vcttieal c:xlt·u::.;i<:m J>re::;.::- ~ll N~wal OrdnaneC! Test. Station, Inyokern. 

Onlnance Test ':;tation, Inyokern, Cali fot·tti;l , was 
designer! and the equip!llcnt const.ructed by Section 
V of OEi\'lsr-418. The insl:rllal iou requires rel;tti vcly 
large banica<lcs in order to permit operntJon with 
JlrOpellanls of margina l compositions for whi.ch the 
frequency of ignition during extrusion would b" 
unusually high . 

Doubl.,-b,iS<) dry·{lrO<:I!.o;.~ed propellant can be. ex­
truded from dies made up of cottical and cylindrical 
scctions 1 OJ' fr<nn mo1·c c;omplcx configurations which 
give lower mt.cs of sheat· wiLbiu Ute prop~ll;ll\L for " 
given extrusion Yelocity . A die used in a 12-itl. 
vcrt.ical ext.rusion pre~ s for the preparation of the 
:Mk 13 grain is ilhtsl.r;lted in Figures ~3 and ·1. 
Since t.hc :l\'lk 13 gmin is of ct·uciform seetiou, no 
::~t.ake~ is required; one is 1\(!c;ess.a..ry, however, with 
a die for an axially perfomted grain. It is essentia l 

sivnal incrcnsc with respect to the die and which in 
some cases ma.y fimouut. to as mtwh it:>. 8 per c;Cnt. 
Furthermore, relatively high st.resses remain which 
;1rc relieved but slowly at. room t.cmperaturc. 'l'h<Jr'e­
fore, a grain t.hat has not been Mmealed will gradu­
ally shtn·ten ~~nd become la•·ger in cross section. In 
01·dcr to avoid Lbis difficulty, which may exert. fr 
significant .ini:luence on the upper safe-operntin.g 
limit of t he cb,lrge, t he grains are annealed in a low­
velocity a irstream held a t HO F fot· '' period of 
;lpproximatdy 4 homs pet· inch of web thie)mess . 
Dtu·iug this period tbe grains n,n; pla<:ed upon racks 
which nssist in climinnting any unusual longitudinal 
curvaLm·e. An <lxt.rudcd <h·y-proccsscd tlouble-basc 
propellant grain so supported as not to be deformed 
by its own weight will be straight wit hin approx· 
imatcly 0.05 in . per fl of lengt h. 
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7.4 MACIDNING 

After being extruded and annealed, the grain is 
subjected to sueh machining operations as may be 
requisite. In gcneml, it is not necessary to machine 
the periphery of the grain, since in this respect it is 
possible during extrusion to hold the dimensions 
within the limits imposed by ballistic requirements. 

~----------------10~ 
(REF) 

~ DIA c'BORE 11% DEEP 

I'OR-i- -28 xtALLEN 

HEAD GAP SCREW 
X DIST 
0.000 
0-400 
o.eoo 
1.~00 

1,600 
2.000 
~.400 
2.800 
3.2DO 
3.600 

DIA 
~.710 
~- 717 
~ 737 
~.77~ 

z.a2o 
2,88~ 

2.957 
3,047 
3.150 
3.?67 

higher tool speeds and feed mtes than are employed 
for metals. Sorne success has been realized in the 
use of plastic saws, but these give a chip with a 
somewhat higher specifie surface than is obtained 
by turning or milling. Fires during machining 
operations arc relatively rare and can usually be 
traced to foreign material in the ballistite, exceed­
ingly dull tools, or the inadvertent relative motion 

X DIST 
4,000 
4.400 
4.800 
5.~00 

5.600 
6,000 
6,400 
6,575 

4 REQ-90° APART 
SILVER SOLDER 
IN PLACE 

~X24X~ALLEN 
HEAD CAP SCREW 

DIA 
3,399 
3.546 
3 716 
3,913 
4,144 
4,423 
4. 766 

TO CORRECTED 
DEPTH SHOWN AND. FAIR ED IN BY 
HAND OPERATION AFTER TURNING 
DIE CURVE PROI'ILE TO DIMENSIONS 
SHOWN IN TABLE 

FIGURE 3. GeneJ:al arrangement of die used in cxtl·usion of Mk 13 grain. 

However, it is usually necessary to bring the grain 
to a given length and weight within relatively small 
tolerances. Furthermore, it is often desirable to 
apply a plastic support to the end of the grain to aid 
in the distribution of the setback and friction forces 
over its cross section. In order that the cellulose 
acetate or ethyl cellulose reinforeement may be 
bonded satisfactorily, the surfaces of the propellant 
and the plastic must match closely. For this reason 
the grain is usually faced or sawed rather than eut. 

:Most double-base propellants can be machined 
readily \vith conventional machine tools at much 

of metal and propellant surfaces which are in 
eon tact. 

For the most part, the weight of a propellant 
grain can be held within tho desired limits by 
appropriate control of its cross section and length. 
It is usually possible to machine grains to a fixed 
length or into groups of fixed length determined by 
grading the several grains according to their cross 
seetions. The specific weight of extruded double­
base propellant is remarkably eonstant for a given 
composition; in bet, for JPN powder it is generally 
within 0.5 per cent of 100.5 lb per eu ft. 
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INHIBITING 

'J'hc dwngc in hun\ing an:a <):s the reaction_ Jno­
gr(~sscs can bt~ controlled with in limits by tnodifying. 
the eross section of 1 he· grain . However, in t.h(~ (·nse 
of :t sirnp](• cxt(·wna] .. bunljng grnin such ~ts (,be cnu:i­
form section, which is typified by t he i\l k 13 and II!!} 
:\·1k 18~rains, it is not po::sihlc to obt-a in H tWul n\1 ot 
progre~sivc 1Jurui11g st~ rfan:. wit.houl preventing Ol' 

FlGlH<E 4A. Die used in <·xtrusion of Mk 13 grain . 

inhibiting bn l'ning nJ ('('rtain point:;; on the suxfnco 
of t.hc grain . It has been found thai iL is a n•lat.ively 
simple matter w prevenc rhe smfaec reaction of 
douhle-base pJ'Opcll:mt b~' the >tpplicat.ion of suit­
abJu (·oatiub'"8. 'The <~>pplical ion of su·jp~ or f)beet..::; of 
cellulose ac~iatc wa• the method commouly used in 
this count1·y for inhibiting. 

In t.he (:a~e of t.he cruciform ~>;rain, the :mns were 
inhjbitcd on t.hc periphery, us .shown in l-'igtu·c 5 for 
the :.\.fk J3 grain. In gen~nll, the thick1\es" of t.he 
inhibitor was inereased with the web t bickne;;s and 
was approximately 0 .10 in . for t he :NJk 13 grn in. 

The cellulose >~cot:ue inhibitor st•·ip was prcp>~red 
by extrusion a nd applied by t.hc usc of :wlvcnl-s 
mis<·iblc with bot.l1 propellant 1utd strip. ::-<umerous 
solvents <lre suitable; and, ••s a matter of con­
ven ience, mixt ures nf Cellosoln' a nd nH1thyl Cello­
soh·e (2-eLhoxy- and 2-met hoxy-etbnuol) 11'ere em­
ployed. The relative quantit ies of t.hcsc compounds 
W<"l'C varit.!<l_, depending uporL 1-he t.mnpcritturc of 
propella •lt at the time of applicat.ion, in order to 
obt.>~in t he desired rate of softening of t-he cellulose 
a<·Nate. The !St.rips \H!re itpp)ied manually t() rnosl 
of the gtains used iu Service rocket;~. Efforts have 
hccn tm;clc to develop automatic eqt•i pmcnt for t hi< 
)'Urp()~W, !'lil\t'U undt'~Sintbfe ph_rSiO(ogi<:i\) Cffcc~tS Hf't' 

usua lly experienced by opemting petsonnel as n 
result (>f cit.hcr the S(llvent~ thCII\SciVCS ()!'the nif,I'O­
gl,Vr('J'lll in the JWOpc,Jirull. How~ver .. ~urh <'(tuip­
mcnt ha,r.; not yet proved entil'ely satisfactor:v . 

Tl!e Briti"h U«)il a ~ligh tly softer matcrinl tvn­
si:--tin,; of (·(•JiuloseflCektt<~ mHl l.riacetin, i.e., dlmlH(\' 

,.o,·ditc . Jt is hclievcd thnt. the development of :~ 
suitahJn pla~t.i<· of vc~ry low clast.ic: li mit migl1t. permit. 
t.hc usc of aulomnti<· mneluues for the flpplication 
of t he inhihito•· $l!·ips and still flvoi!l ~he difficultic; 
whi<·h othcrwi:ie n)sult fronL laek of un.iformiL_\~ in 
Lhe cur vntUl'C of t.hc grains a.nd .strips. 1-fowcycr , 
the• inhibilol' l'l rip on the contpl<"ted grain must be 
hf!!·d enough not to be undulv deformed dt1 ring 
ll(H'mul hnntll ing and ~torngc. 

In the """~ of <'nd-uurni ng or intm·na l-buming 
gr:dn.s where the entire petjphery is lnhjbitcd 1 two 
tcohniqucs •tppc~tr to be~ pn)mising. Ouc; inv(.>)vos 
wrapping the gr:'lin wit.h rela tively tbi11 cellulose 
ncetate, or pcrhap$ othct· plastic shcrt, using: up­
propri:.-te phlst~ i (;izQrs to obt:t iu il .. o:Sntisfactm·y bond 
b~~wecll t he propellant nud t he sbeet. This method 
mny be modified to permit thin plast.i<: lape to b!l 
wrapped spirally on Lbe graju. Experience with the 
latter form of inhibitor indicates that l:>rgcr geo­
mctl'ic irrc•gulnritiel$ 1nay be permil.t<1d than Cfll\ be 
tolerated with fniJ-,vidth sbeet. The secoucl np­
pl'oach involves cxt,rud<.:cl 0 1· molded 1,ubing wh.ieh is 
~hrunk or nHJ1dlKl ont.o lhegr..-tin; but1 in so far .as t.he 
writer js awntc, these techniq~1cs, which Wf;rn de· 
velopcrl by t.hc Brili•h, ha ve uot. been widely used 
ill this couuiry.' The end of an inhibited intcmal­
bttnling cylindrica l gi'Hin is shown in 1~ign rt.! 8 of 
C'h>t pi!) I' 5. 

~The C!I.'PCl'ieoc(~ or the .•\lle~nJ' ,Jhllistirs L::thvr:.\t.ory with 
tlw~o muthvdl'S of inhibiting iS- indicated in Scetion J l.Z.l of 
Lbis \'Oiumc. 
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C.IIE~fiCAL STASIUTY 

'flu' stnbilit~· of propellants ii of importnnce in 
connection wit.h their st.omgc. Oft he principitl corn­
ponrnts, it i• pt·obably t he ni tro•·•·llult"c which con­
trihulrs most to t he chemical inslnbi liiy nf mult i­
base l>t·opcllnuts. Stahiliz•••-; arc thrt·rforc employed 
to nvoicl the accumulation of lht• uxidt•..; nf nitrog-en 
whic-h r<•sult.;; from thr :-:pont:uu..•ou .. dt'romposltiou 
of the nitroecllulo"". •inrr thr prc>cnrr of these free 
oxide.:;. of nitro~en apparent)_,~ a•·t'(•h•rutf':>; furtltcr 
deeornt>O~il ion. 

• • 

comhin:tticm of nitrocellulose and •t:tbilizcr whirh 
result' in :1 lli'O)WIIant with 11 lonJl: •lornl(c life uml<·r 
ach-c1~C ('Onditions 1 rathl?'r thau lhc- t·1wi<·r of :1 par­
tjt· ula.r ~tn hi I i zPr. 

Thiclt-wcbbod gritins of d t·y-cxtrudcd double­
hnsc propdl:wt involve " sonwwlwt un ir1uc pt·oblem 
with r('l"'flrd to stabi lity1 since it nppcnr~ Lha t sm nll 
quarllitio< or the gas~; (rom th(• decomposition of 
tho nitro<·ollulo,c do not react <·uniJ)lotcly with the 
.tabi lit<•r. T n 1 he cn.<c of t hin-webb<.'<l l(fllin, there 
$.!":\~$ diffu~c to the exterior ~urfart· :\nd cnuse no 
parti<·ubr difficulty. With lhi<·k-wohhcd grniiiS, 

f'tct'K>: 48. DiP \lsed in extrusion of :\1k l:l gr~in. 

1 n .J P JU'(ipt"'111lnt: wh.ld\ wa .... dovt•lop«><l primAril~r 
foJ' U~'~'l' with l J'(•nch l\l0l'tt\J1t, thf' stuhilizc"r w:•s 
diph(•nyl:m\in<>. How('Wf'r , it i~ now t•vidC'nt th~l 
thil'( tn:H(11'iul is unduly nttivt· mtd w nc1s fo iU·<·t•lcr .. 
il\C the dN•OiliJHl.itioll of the nitrot•OIIUIOSC. Of th!• 
n•lativrly l:ar~otc number uf ~t~thilil('r:ot lh:\t nrf' nvuil­
abl{l, t·thyl <·(•ntrnlitc SC'NlLOot to br the optimum for 
the >I :tbiliz:ttion of rolloicla I prop<•ll:tnt, with a nitro­
J,!"lyt·t•rin-nitror("llulosc bol..:r. Thix muh.•ri:1l (·:ln hf' 
incort)<>f:l!<•l r~•clily into tbe pmpcllnrn, :tnd tlw 
c-quilihrium at <.·onstaut pr(' ... :.:.UrC' i"l ~u<·h that the 
oxich~)'( of nitros,cen do not <·outribut(\ to any ::ig­
nifietl nt c.·xh•n L ( o the f){'('OHl po~i tiun of the n.i t ru­
, . .,lluln"c. I t is pt·obt.bly "''"ir:tblc to ('(ml inuc the 
invt•"'li)Ci\1 ion of s;tahilizer~: bul it i:-. bclic\'NI tbal 
~tudics of the "baradrri<l it< ~r uill'<wcllu lo'e "·ill 
coutrihutc rqunlly. if not murr. to the Mability of 
doublc-b:t''' propellants, for it i• nm>nrcml~· tb<' 

howC:\"(\1", th~ fu~:u·ity or thi~ matcl'ht l within tlw 
J!:nt in may rrn('h t'Cia.tivd_y larJ.tf' vaiUCl"i.. T he cor­
l'eS]JOI\tli ll~ lllt•(·h ani(•;t ) stt·p::s.:(·~ 1'(\:iUit in t·rllf•king o f 

th(• grnil\, n:ounlly pan1llel to tlH• axis, or spnlling on 
Uw Mll'f:H·t>. ~irwc the OC<'ut"J"Pnc·c• of ::tu·h dt'fccts 
durin~ ~tor:tgc IH:LY w('ll hrtnmt'"' :\ factor limiting 
tho -iz~ t>f l:tri!C propellant ):miu,, it i' belie•·ed 
that iml)rU\'t>mf•nt in rhc cffttti\'t•JU':--s of :'itnhiliz<'r:: 
will rf•sult in :\1\ incn-:."\~(" in thr :-.i.t.<• of ,::r~in whit·h 
it willlw ff•:1sihiP H1 manufactu~ unci ~tcu·if•. 

'·' STABILITY OF HUlt NING 

In tl•<· •Indy of the <lcAt~~trntinl( t·ltnr:u·!t•l'islic' of 
prnprll unt~ it ha~ been [ound thtll irtt'f(u l:lr rCflCiion 
prp-. ... u n·~ ar<' oH<-n en<·uunt<'rcd. t•..;p(•c·in lly with pro­
pcllnn\ of relath·cly high btrrnin~t rate, 'uch "" JPX 
or JPI!. When effort• were mndc to milize cb:trges 
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of these materials which were permitted to burn 
from extended plane surfaces, the reaction was suf­
ficiently erratic to cause mechanical failure of the 
grain. For this reason it was impossible to use single 
continuous strips of inhibitor on the periphery of 
the arms of the Mk 13 and Mk 18 grains. More­
over, attempts to obtain regular burning within a 
cylindrical annular perforation also resulted in 
mechanical failure of the grain bceause of the in­
stability of the reaction. This situation was over­
come by drilling radial holes at somewhat random 
intervals but spaced longitudinally not more than 
l in. apart. It has recently been found that rela-

sufficient background of empirical information is 
available, however, to permit the design of pro­
pellant charges of each of the powders commonly 
employed. 

7 ·8 SUMMARY AND RECOMMENDATIONSt 

The general status of the knowledge relating to 
dry-processed double-base colloidal propellants that 
have been employed in artillery rockets has been 
indicated in the foregoing discussion. It now ap­
pears that rocket motors having an overall specific 
impulse of approximately 110 lb-sec per lb can be 
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FIGURE 5. General arrangement of inhibitors on Mk 13 grain. 

tively stable burning occurs in a star-shaped 
perforation. 

With propellants of intermediate burning rate 
(0.4 ips at 70 F tmd 1,000 psi), of which British 
cordite is typical, it is possible to obtain stable 
burning with less frequent interruption of plane 
surfaces, or surfaces of relatively large radius of 
curvature, than is necessary with propellants hav­
ing high burning rates (0.65 ips at 70 F and 1,000 
psi, for example). In the case of propellants w·ith 
burning rates of less than approximately 0.25 ips at 
70 F and 1,.000 psi it has been found that stable 
burning may be obtained with almost any shape of 
grain that does not involve excessive energy ex­
changes associated with friction. (Instability at­
tributable to frictional effeets is entirely separate 
from the type under discussion.) 

The mechanism of unstable burning not directly 
associated with frictional effects is not thoroughly 
unclctstood, but may be related to resonance. A 

developed which will operate at temperatures be­
tween -30 ancl130 F. The burnt velocity obtain­
able with such a rocket motor depends almost 
entirely upon the payload to be cartied. Five-inch 
rounds of reasonable length-to-caliber ratio can be 
made with burnt velocities greater tl:utn 3,500 fps 
and with payloads of approximately 10 lb. How­
ever, if the payload is increased until it is equivalent 
to a shell of comparable caliber, velocities in excess 
of 2,500 fps arc unlikely. The use of internal­
burning grains prepared from existing propellants 
seems feasible and not too costly. Such grains per­
mit rates of spin in excess of 400 rps to be obtained 
at temperatures up to 120 F without failure of the 
gram. 

Regarding propellants with potentials in excess 
of 200 lb-sec per lb, there is little to be gained at 
present by modifying the eomposition greatly from 

I See Chapter 1.3 for additional recommendations. 
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that of JPN powder. Such propellants apparently 
have insufficient latitude to permit the addition of 
buffer components which will decrease the influence 
of temperature and pressure on reaction rate. How­
ever, propellants having potentials of the order of 
150 lb-sec per lb are promising in this respect; and 
it is probable that hydrocellulose and magnesium 
oxide in conjunction with potassium nitrate will 
prove particularly useful. It is believed that, for 
the time being, developments requiring propellants 
of intermediate potential may proceed satisfactorily 
on the basis of material approximating the H-4 
composition recorded in Table 2 of Chapter 5. It 
does not appear that any new propellant which 
would justify delaying the program will be available 
within the next year (1947) in sufficient quantities 
for experimental production. Accordingly, it is rec­
ommended that the development of rocket ord­
nance involving dry-processed double-base colloidal 
propellants utilize the existing JPN formulation for 
a high-potential, fast-burning powder and the H-4 
formulation which can be dry-extruded for a powder 
of intermediate potential. 

Two lines of endeavor should probably be fol­
lowed in the further development of dry-processed 
colloidal propellants. In the first place, a careful 
investigation should be made of the so-called buffer 
constituents which appear by their control of the 
chemical equilibrium to decrease the influence of 
temperature and pressure on the burning rate. 
Particuhu emphasis should be given the application 
of these constituents to the propellants of higher 
potential, with which they do not now appear to be 
sufficiently effective to warrant their use. Such 

studies, together with investigations of stabilizers 
and the character of the nitrocellulose, can well be 
carried out at academic institutions or government 
laboratories. The second approach should involve a 
systematic study of the influence of composition 
upon the physica.l, chemical, and ballistic charac­
teristics of a number of systems comprising the 
principal components of existing double-base pro­
pellants. In this connection it is believed that 
investigation of such restricted termtry systems as 
the nitrocellulose-nitroglycerin-ethyl centralitc sys­
tem and the ethylene glycol clinitrate-nitrocelluloHe­
ethyl centralite system is worth while. 

The foregoing suggestions are not intended to 
cover other than the immediate problems of interest 
in the study of dry-processed double-base colloidal 
propellants. There is a large field of research to be 
investigated in the development of new types of 
smokeless propellants that show relatively small in­
fluences of pressure, temperature, and transfer of 
radiant energy upon burning rate. Furthermore, 
there is the field of liquid propellants which, in the 
opinion of the writer, will probably supplant solid 
propellants in nearly all large rocket-propelled de­
vices. The caliber of the rocket for which transfer 
from solid to liquid fuels will prove advantageous 
has yet to be established, but it is probable that 
there will be a range of sizes in which the applica­
tion will determine the choice of a solid- or a liquid­
fueled device. It is hoped that an effort will be made 
to standardize simple artillery rocket motors in 
order that a relatively wide variety of heads and 
stabilizing equipment can be used with a given 
motor. 
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PART III 

ROCKET ORDNANCE: THERMODYNAMICS AND RELATED PROBLEMS 

By R. E. Gibson a 

PART III OF THIS VOLUME Will be concerned prin­
cipally with problems arising in the development 

of colloidal solid rocket propellants and is really a 
summary of many of the final reports issued from 
Allegany Ballistics Laboratory [ABL], which was 
operated by George Washington University under 
contractt with the Office of Scientific Research and 
Development with technical supervision by Section 
H, Division :3, NDRC. Much of the pioneering 
work was done by the Section H group working at 
the Naval Powder Factory, Indian Head, Mary­
land, from 1941 through 1943. In this phase of the 
work close cooperation was established with the 
Hercules Powder Company, which, under contract 
first with OSRD and later with the Ordnance De­
partment, contributed greatly to the phases of the 
program lying between development and produc­
tion. Laboratory experimental work and theoretical 
studies on propellants were carried on by groups at 
the Bell Telephone Laboratories, University of 
Minnesota, University of Wisconsin, and Duke 
University, which vv-orked very elosely with the 
central Section H Laboratory, first at Indian Head, 
afterwards at Allegany. All these agencies con­
tributed to the developments described in the fol­
lowing. Notable contributions to the general sub­
ject were made by Section L, Division 3, NDRC, 
Division 8, NDRC, Division 1, NDRC, the Bureau 
of Ordnance, U.S. Navy, and the Rocket Develop­
ment Division, Ordnance Department, U.S. Army. 
These are discussed systematically elsewhere and 
will only be referred to casually in this report. 

The problems in the physical chemistry of rocket 
propellants discussed in this report all arose from 
very practical questions which had to be solved in 
the development of rockets. These problems fall 
into categories well known in physical chemistry, 
namely, thermodynamic problems, kinetic prob­
lems, and structural problems. In Chapters 9, 10, 

• Director of Re~earch, Allegany Ballistics Laboratory. 
" Contract OEMsr-2i~L 

and 11 the studies of rocket propellants will be 
summarized under each of these headings, respec­
tively, and in each chapter an attempt will be made 
to indicate, first, the practical problems in the 
functioning of rockets that were encountered, sec­
ond, the problems in the physical chemistry of the 
propellants that arose from these functional prob­
lems, and, third, a summary of the results obtained. 
Chapter 12 will give a short summary of the applica­
tion of these problems to internal ballistics. Chap­
ter 1:3 will give a summary of the rocket propellants 
whieh were developed by V-J Day and will indicate 
lines a.long which progress will probably be made 
in the future. As far as possible, reference to the 
original detailed reports will be given. 

The reader who is unfamiliar with rocket prob­
lems is urged to consult Rocket Fundamentals ,1 a 
composite report to which a number of development 
agencies contributed and in which a fairly complete 
but elementary exposition of the principles of rocket 
design and action is given. 

Since this volume will be printed long after 
V-J Day, it is fitting to point out that a great deal 
of the work described here has been continued with 
excellent results since the NDRC activities stopped. 
Allegany Ballistics Laboratory has continued opera­
tions with a new contractor, the Hercules Powder 
Company, under contract with the Bureau of Ord­
nance, U. S. Navy. The results and techniques 
developed at the laboratory under NDRC have 
been applied and extended to the development of 
large rockets with solventless-extruded and cast 
double-base powder charges, and devices of great 
intemst in the guided missiles program are being 
perfected. Reports from this laboratory should be 
consulted for the sequel to this summary. Further­
more, the laboratory and theoretical studies of pro­
pellants conducted at the University of Minnesota 
have eontinued under the auspices of the U. S. 
Navy. Reports from this university should also be 
consulted for the continuation of the work started 
by NDRC. 
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Chapter 8 

TYPES OF ROCKET PROPELLANTS 

By R. E. Gib8on 

H. I .JET PROPULSION, ROCKETS, AND 
PROPELLANTS 

I N MODERN CIVIl:JIAN or military engine(~ring there 
is a wide variety of devices for propelling projec­

tiles or other vehicles. Although they may differ 
widely in their construction and in other superfieial 
respects, practically all propulsion mechanisms 
have fundamentally the same basis: they depend 
on the conversion of the energy of a controllable 
chemical reaction into elastic energy of a gas, which 
is then converted, by a suitable mechanical device, 
into kinetic energy of motion in a given direction. 
The mechanical devices by which the elastic energy 
of the gases is converted into useful work, i.e., 
into the kinetic energy of the vehicles, vary in corn­
plexity from the locomotive or airplane engine to 
the simple gun barrel or rocket jet. The choice o£ 
engine depends mostly on the ultimate application; 
the rt\te at which energy must be supplied, the 
mobility of the apparatus, the number of hours of 
working life required, ~tnd other performance re­
quirements must be balanced against economic 
factors in choosing the chemical reactants and the 
mechanical apparatus to be used. :Few people would 
use nitrocellulose powder to fire a locomotive, and 
few would use coal to propel a large military missile. 

8.1.1 Rockets 

Probably the simplest device for converting the 
cbstic energy of a gas into the directed kinetic 
energy of a vehiele is the jet engine. Like other 
motors, these jet engines depend for their energy on 
a ehemical reaction which we may consider to be an 
oxidation reaction involving a fuel (the substance 
to be oxidized) and an oxidizing agent. 

A rocket is a jet-propelled vehicle which carries 
with it all the components needed for the energy 
producing chemical reactions, i.e., both the fuel 
and the oxidizer. This characteristic differentiates 
the rocket from ot1her jet engines such as the ram 
jet, the pulse (or reso) jet or the turbo jet, all of 

which draw their oxidizer from the atmosphere 
through which they pass. The ram jet and pulse jet 
draw in air simply by making use of the dynamic 
pressure produced by their motion through the air, 
whereas the turbo jet makes use of compressors 
driven by part of the energy generated by the 
motor. 

s.2 ROCKET PROPELLANTS 

The term rocket propellant is applied to tlw 
chemical substanec or substances which react to 
produce the hot gases whose elastic energy is to be 
converted into the kinetic energy of motion of the 
projectile. There arc two mnin types of rocket pro­
pellants: liquid propellants and solid propellant~. 

8.2.1 Liquid Propellants 

Diquid propellants in turn fall into two main 
classes: hi-fluid systems and mono-fluid systems. In 
hi-fluid systems, which luwe found most common 
use to date, the oxidizer and the fuel are kept in 
separate tanks in the rocket and fed in proper pro­
portions into _EL combustion chamber where they 
react. Such systems are relatively safe as regards 
hazards during storage or transit and permit a wide 
range of control of rate of gas evolution and tem­
perature, because it is possible to control inde­
pendently the supply of fuel nnd oxidizer. Typical 
oxidi.zers are nitric acid, hydrogen peroxide, and 
liquid oxygen, and typical fuels are aniline (or 
mixed aromatic amines), hydrazine, methyl alcohol, 
and gasoline. Mono-fluid rocket propelbnts are 
liquids which contain in themselves sufficient oxy­
gen to give fairly complete oxidation of the other 
elements with evolution. of heat, when a reaction is 
started. Although all such substances are of neces­
sity thermodynamically unstable, a number of suit­
able propellants, such as nitro-methane and hydro­
gen peroxide, have been found which decompose at 
a negligible rate at ordinary temperatures and can, 
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therefore, be handled with comparative safety. 
Nevertheless, precautions required to store and 
handle such propellants tend to offset the obvious 
engineering advantages to be gained when two 
liquids are replaced by one. 

8.2.2 Solid Propellants 

In solid propellants the fuel and the oxidizer are 
intimately mixed and in a condition to react rapidly, 
but controllably, when the necessary activation 
energy is supplied, usually by a device called an 
igniter. It is a necessary characteristic of all solid 
rocket propellants that the reaction (which is usually 
called the 11burning") take place only on the ex­
posed surfaces of the solids and that burning 
proceed in directions normal to the surfaces at a 
rate which is the same at all points. 

For very large and long-range rockets such as the 
V-2, or for applications where good thrust control 
is required, as in a jet plane, liquid propellants 
possess overwhelming advantages over solid pro­
pellants. It must be noted, however, that the 
valves and plumbing systems in these large rockets 
are complicated and costly; in the V-2 rocket the 
fuel system must be capable of supplying about 270 
lb of fuel and oxidizer per second. In smaller 
rockets, therefore, particularly where ease of han­
dling and simplicity of design are important, solid 
rocket propellants have a field of application in 
which they are unrivaled. 

During World War II the activities of Section H, 
Division 3, NDRC, were confined to rockets or jet­
propelled devices weighing less than 200 lb. Its 
attention was, therefore, concentrated on solid 
propellants, nnd Part III of this report will be con­
cerned only with this type of propellant. 

8.2.3 Composite and Colloidal 
Propellants 

Two main classes of solid propellants are recog­
nized. In one r;lass the oxidizer and the fuel are 
present as separate molecules, or as small crystalline 
aggregates intimately mixed and held together by · 
adhesives designed to give suitable mechanical 
properties to the mass as a whole. These are called 
composite prop6llants, and the classical example is 
ordinary black powder where the oxidizer is potas-

sium nitrate and the fuel is charcoal. During World 
War II considerable effort was expended in the 
development of new and improved composite pro­
pellants. Section H, Division 3, took no part in the 
actual development of these propellants but was 
active in testing them ballisticn1ly. The research 
and development work was done by Division 8, 
NDRC, and by the Guggenheim. Aeronautical 
Laboratory, California Institute of Technology 
[GALCIT]. GALCIT developments were later ex­
tended and applied by the Aerojet Engineering 
Corporation. Three significant varieties of com­
posite propelhmts were developed by thes~~ agencies. 
Division 8 produced eomposit,e propellants by the 
molding, solvent extrusion, and casting methods. 
GALCIT produced a number of cast perchlorate 
propellants. The preparation and properties of 
these propellants are given in Chapter 13. In 
smaller artillery rockets, composite propellants 
found relatively limited application, although the 
solvent-extruded composites gave the answ'er to a 
very urgent need that arose in connection with the 
infantry bazooka l'ocket.l On the other hand, the 
composite propellants, because of simplicity of 
manufacture and their desirablE\ burning properties, 
proved to be extrmnely well suited to use in rocket 
motors where long burning times and large amounts 
of propellant were required. Indeed their only dis­
advantage arose from the smoke they produced. 

1'hc second class of propellants, t"Lnd the class 
which found most extensive use in the artillery 
rockets of all nations engaged in World War II, 
comprises the colloidal propellants which have been 
used for years. In colloidal propelbnts, the oxidizer 
and the fuel are on the same molecule, and the solid 
itself is macroscopically homogeneous. Colloidal 
propellants consist essentially of a high polymer 
which is rich in oxygen and can undergo an exother­
mic reaction in which its elements are raised to a 
higher state of oxidation. The high polymer may be 
plasticized with oxygen-rich plasticizers which are 
metastable chemically, or with plasticizers which 
are essentially fuels. The plastic formed by the 
interaction of high polymer and the plasticizers 
gives a homogeneous mass in which suitable 
physical properties may be developed. Since the 
main stimulus for improving solid propellants for 
rockets came from the desire to throw heavier pay­
loads faster and farther for military purposes, it is 
not at all surprising that rocket development 
agencies in all countries should have turned to con-
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ventional gun propellants for the first source of 
high-energy fuels. Of the various gun propellants 
available' the class called double-base powders 
proved most suitable, chiefly because of their 
ability to react reliably at relatively low pressures, 
300 to 1,500 psi, and because it was found possible 
to fabricate them into "grains" of suitable shapes 
and sizes for rocket work. Single-base powders 
possess neither of these properties. 

Double-base powders receive their name from the 
fact that tlwy contain two explosive ingredients­
one being a high polymer (up to now always nitro­
cellulose) and the other being a plasticizer, usually 
nitroglycerin; other explosive plasticizers have also 
been used, e.g., diethylene glycol dinitrate, DINA, 
and TNT. Generally speaking, the nitroglycerin 
forms between 30 ancl45 per cent of the whole mass, 
the rest being nitrocellulose with varying amounts 
of auxiliary plasticizers such as ethyl or methyl 
centralite, triacetin, and dinitrotoluene, stabilizers 
such as ethyl centralite or diphenylamine, and inor­
ganic salts such as potassium nitrate or potassium 
sulphate. In some very desirable double-base rocket 
propellants developed during World War II, the 
amounts of auxiliary plasticizers such as triacetin or 
ccntralite rose· in amount to something between 5 
rmd 20 per cent of the whole composition. In double­
base powders the nitrocellulose is gelatinized with 
or without the help of an active volatile solvent by 
mechanical working. The resulting mass is a bard, 
hornlike, homogeneous, rigid colloid which obeys 
ideally the law of burning in parallel layers. 

For rocket applications where short burning times 
and high accelerations are required, double-base 
powder gelatinized with the help of an active vola­
tile solvent is very suitable because of the high 
physical strength that may be developed in the 
grains. The "solvent process," although also being 
advantageous because of the ease and relative safety 
in manufacture, is severely limited in application, 
since the removal of the solvent sets an upper limit 
to the "web" thickness (minimum dimension of 

grain) that may be obtained. In the ''solventless 
process" the double-base powder is gelatinized by 
severe working on heated rolls without the aid of an 
active volatile solvent. This method is particularly 
advantageous when longer burning times are re­
quired. In the solventless process the colloided 
powder is formed into grains by extrusion under 
high pressure at elevated temperatures, and essen­
tially the only upper limit to the web thickness that 
can be made available is that imposed by the size of 
press that is safe and practical to operate. The 
process is not suitable for making single-base powder 
but is well suited to the manufacture of double-base 
powder containing less than 60 per cent nit,ro­
cellulosc. 

The sol ventless process was developed in Germany 
prior to World War I and was introduced into 
Great Britain and France shortly thereafter. It was 
extensively used in Russia at least as early as 1931. 
Prior to World War II only a small amount of 
solventless double-base powder was used in the 
United States, and this only in sheet form for use in 
trench mortars. No apparatus existed for extruding 
solventless powder into cylindrical grains, and in­
deed the industry exhibited a strong prejudice 
against setting up such an operation. Thus, while 
the rocket developers in Great Britain found in 1935 
a ready production source of a high-power solid 
rocket propellant in the factories used for making 
solventless cordite for the Royal Navy, the Amer­
ican rocket developer found himself starting from 
scratch, or rather several yards behind the line. It 
is not too much to say that the setting up of a 
solventless powder industry came directly as a con­
sequence of the visits of NDRC investigators to 
Great Britain. 

This introductory chapter concludes with a chart 
illustrating the various levels of problems connected 
with the development of a complete artillery rocket. 
It is designed to give the reader a general idea of the 
problems encountered and the equipment and fa­
cilities needed for their solution. 
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TABLE 1. Research and facilities required in the development of a rocket motor . 

. ROCKET-COMPLETE ROUND 

·Metal Components 

Payload-shell, explo­
sive, & fuze 

Motor-powder chamber, 
venturi, & traps for sup­
porting powder charge 

Fins fot stabilizing flight 

Problems 

Tests of safet,y & reliability 
in flight 

Assessment of performance, 
velocity, acceleration, 
stability, accuracy, & 
range 

The flight of rockets 

Development of Metal Parts 

Problems 

Design of head & fuze for 
optimuUl effect 

Design of chamber with 
minimum weight to with­
stand high pressures & 
temperatures or powder 
ga.9es 

Design of complete round 
to give ease of manufac­
ture & simplicity of load­
iug & assembling 

Design of complete round 
including fins to give low 
drag, high stability, and 
minimum dispersion 

Facil-ities 

Engineering design & draft­
ing group 

Metal working shops 
Mechanical testing labora­

tory 
Procurement of metal parts 
Inspection 

Research on Metal Pnrts 

Problems 

New materials for rockets 
Application of new engineer­

ing techniques to rocket 
manufaeture 

Ptoteetion of metal parts, 
e.g., thermal insuhlt.ion 

Cot<trol of nMzle erosion 

Facilities 

Engineers in contact with 
engineering companies to 
develop new materials 

Tests of products unde1· fir­
ing conditions 

Facilities for heat treating 
steel 

Fac.ilitics for handling ma­
t,erials other than steel 

Facilities 

Flight ranges 
Barricaded launchers 
Chron9graphs 
Ballistic cameras 
Surveying & spotting ap­

paratus 
Theoretical group for ana­

lyzing data & solving 
mathematical problems 

Pr-opellant Sy.stem 

Powder charge 
Ignition system 

Development of Propellant Charge 

Problems 

Choice of propellant 
Design of sizes & shape of 

propellant 
Methods of support of pro­

pellant 
Control of pressure & thrust 

over the complete tem­
perature range 

Cont,rol of burning time 
Effect of climatic storage on 

the propellant syst,em 
Control of gas flow in rocket 
Design of ignition system 

Facilities 

Powder manufacture,chargc 
preparation, & loading 

Static {iring ranges with 
facilities fm· temperature 
control & instruments for 
measuring· pressure & 
time, thrust & time, tem­
perature & time 

Temperature cycling houses 
Control chemicallaboratmy 
Testing under conditions of 

rough usage 
Facilities for accumulation 

& application of knowl­
edge of internal balli:otics 

Research on Propellants 

Problern.s 

Search for new propellants 
of suitable burning & me­
chanical properties 

Investigation of new chal'ge 
shapes & means of prep­
aration 

Study of the mechanism of 
burning of rocket propel­
lants & the effect of en­
vironment on tho burning 

Study of the flow & thermo­
dynamic properties of pro­
pellant gases 

Study of new methods of 
fabrication of propellant 
charges 

Facilities 

Source of powders of con­
trolled compositions 

Static firing ranges for 
studying buming proper­
ties under differ·ent con­
ditions or pressure, tem­
perature, gas flow, & en~ 
vironment 

Lab for study of the chemi­
cal, physical, & mechani­
cal properties of propel­
lants 

Facilities for preparing pro­
pellant charges in a wide 
variety of shapes & sizes 

Theoretical group for de­
veloping & understand­
ing internal ballistics of 
rockets 



Chapter 9 

THERMODYNAMIC PROBLEMS 

By F. T. McClure a 

9.1, ROCKET ACTION-THRUST­
SPECIF1C IMPULSE OR 

E:FFECTIVE GAS VELOCITY 

SUl<'l<'ICIENTJ-Y FINE ANALYSIS of any propulsion 
system will resolve it into an example of New­

ton's third law of motion, namely, "To any action 
there is an equal a11d opposite reaction." Rocket 
propulsion is a particularly simple and direct prae­
tical example of this law. 'l'he rocket ehamber or 
motor exerts a force on the ga,ses contained therein, 
causing them to be expelled to the rear. This, if one 
wishes, is the action. In turn, the gases exert an 
equal force (in the opposite direction) on the rocket, 
causing it to be propelled forward. This, then, is 
the reaction. 

One may guess (and in fact it is a consequence of 
Newton's second law of motion) that, for rocket 
motors of the same configuration operating under 
the same pressure conditions and using the same 
fuel, the thrust (F) will be proportional to the 
mass rate of exhaust of fuel. The proportionality 
constant is generally called the specific impulse (I) 
or the ejf'ective gas velocity (VB) depending on the 
units in which it is expressed, so that 

F =·rid 
or (1) 

where 1h is the mass rate of discharge of fuel. In 
this country, I is usually expressed as the pounds 
force for each pound per second mass rate of dis­
eh:-nge, while VIC is expressed in feet per second. 
Then 

VE 32.161. 

Because of the discharge of the fuel, the mass of a 
roeket decreases during the acceleration or burning 
time. If W is the mass of the rocket then dW j dt = 

-1h, and according to Newton's second .law of 
motion 

• Former Chief of the Ballistics Design Section of the 
Allegany Ballistics Laboratory. 

F = rhVB 
.dV 

W·····­
dt ' 

(2) 

where Vis the velocity of the rocket. Integration of 
the last of equations (2) from the point of initiation 
of the thrust to the .point at which the fuel iA eon­
:mmcclleacls to a final velocity b given by 

Tr - 11 1 (1 + mo) ro- Ell )l.f' (:3) 

where mo is the original mass of fuel and M is the 
mass of the rocket without fuel. 

Equat,ion (3) clearly exposes the significance of 
the effective gas velocity or specific impulse to 
rocketry. Obviously, fuels capable of producing 
high specific impulse are most desirable, particu­
larly for very high-velocity or long-range rockets. 
As discussed in the next section, the specific impulse 
of a fuel is determined partly by the operating con­
ditions (pressure), partly by the motor geometry 
(expansion ratio), and largely by the thermody­
namic properties (heat capacities, molecular weight, 
and temperature) of the propellant gas which it 
generates. It is through the specific impulse, then., 
that the thermodynamic properties of a fuel provide 
a measure of its potential. 

It should be emphasized that the thermodynamic 
properties of a fuel are not the only properties of 
significance in determining its desirability. This 
may be seen by further examination of equation (3). 
A fuel must be packaged, and the weight of the 
package or container is included in M. The greater 
the weight of container necessary for a given weight 
of fuel, the more difficult it is to achieve a high ratio, 
mo/M, of fuel weight to empty rocket weight. The 
container weight, however, is lar-gely determined by 
the volume, and thus a high-density fuel has the 
advantage of a lower- ratio of container weight to 
fuel weight. For example, the high specific impulse 
of the liquid hydrogen-liquid oxygen combination 
(due to the low molecular weight of the gases gener-

b These equations neglect the effect of gravity and air re­
sistance, both of which must be considered in dealing with 
high-velocity, long-range rockets. 
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ated) is partially nullified by the large tanks re­
quired for the hydrogen (because of its very low 
density). Such considerations apply to both solid 
and liquid fuels. 

Other properties of fuels are also of importance 
in determining their usefulness. In particular, the 
ease, rapidity, and uniformity with which the com­
plete conversion of the fuel into the propellant gas 
can be accomplished is important in determining 
the weight of the combustion chamber, which is also 
part of Min equation (3). This is again true of both 
liquid and solid fuel but is more strongly felt in the 
latter case because here the combustion chamber is 
also the container for the fuel. Such problems fall 
in the field of "interior ballistics." 

It may also be worth noting that rockets use 
large quantities of fuel so that the ease, cost, and 
hazard associated >vith the manufacture, storage, 
transportation, and handling are important con­
siderations in choosing a fuel. 

9.2 THE CALCULATION OF THE 
SPECIFIC IMPULSE-THE REDUCED 

SPECIFIC IMPULSE 

More careful study of the flow of gas from a rocket 
motor not only verifies the assumptions of the pre­
ceding section but also elucidates the dependence 
of the specific impulse on the thermodynamic pro­
perties of the propellant gas, the nozzle geometry, 
and the operating conditions. Such a detailed 
analysis is carried out in Chapter II and Appendices 
2 through 8 of reference 1. An important result is 
that the specific impulse of a fuel-motor combina.:. 
tion can be separated into a product o£ ~and 
a function of -y, P"j Pc, and A./ A 1• Here, n is the 
inverse of the molecular weight, Tc is the absolute 
temperature, 'Y is the ratio of the heat capacities 
at constant pressure and constant volume, and Pc 
is the pressure of the gases in the combustion 
chamber, whereasPa is the pressure of the surround­
ing atmosphere, A. is the area of the nozzle exit, 
A 1 is the area of the nozzle throat (narrowest sec­
tion), and R is the universal gas constant. Because 
of this separability the quantity 

I 

which is called the reduced spec(fic irnpulse, is inde­
pendent of nand To, and therefore may be tabulated 

or graphed as a function of the pressure ratio 
(P,J Pc), the expansion ratio (A./ A 1), and 'Y without 
reference to the molecular weight or temperature of 
the gas. In reference 2 the reduced specific impulse 
is tabulated and graphed over a wide range of values 
as a function of the pressure ratio and expansion 
ratio for each of the values 1.15, 1.20, 1.25, 1.30, 
1.35, and 1.40 for -y. The graphs for 'Y = 1.20 are 
reproduced in Figure 1 as a sample. This report 2 

also includes sample calculations and a summary 
of formulas with provisions already made for appro­
priate units, so that it becomes a simple matter to 
estimate the specific impulse for a given pressure 
ratio and expansion ratio providing n, Tc, and 'Y for 
the fuel are known. 

A point of caution must be emphasized here. As 
Figure 1 indicates, the specific impulse increases 
with increasing expansion ratio until it reaches a 
maximum. This maximum occurs at the point where 
the exit pressure is just equal to the pressure of the 
surrounding atmosphere. It must not be concluded, 
however, that a large expansion ratio can be ob­
tained by "opening up" the nozzle rather than by 
increasing its length, thus avoiding a penalty in 
nozzle weight. The graphs given neglect the side­
ways motion of the gas in the nozzle, which contrib­
utes nothing to the thrust. This effect is only neg­
ligible providing the divergence of nozzle is not too 
great. 

9.s THE DISCHARGE COEFFICIENT 

As shown in reference 1, the mass rate of dis­
charge of gas from the rocket motor may be ex­
pressed in the form 

(4) 

where C f), the discharge coefficient, is given by 

( 
2 )(J' + l)/[2(y - 1)] v:r-. 

CD= --
'Y + 1 VnRTc 

(.5) 

and thus· is determined by the thermodynamic 
properties of the gas in the rocket chamber. Sample 
calculations in appropriate units are given in ref­
erences 1 and 2. 

According to equation (5) the discharge coefficient 
is independent of geometry of the rocket motor. 
Actually there is a slight dependence on the geom~ 
etry through the ratio of throat area to the free 
area of chamber (i.e., the cross-sectional area not 
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occupied by propellant, etc.,-referred to as the 
"port area"). This dependence is due to the pres­
sure drop and velocity gradient in the combustion 
ehamber. The effect is discussed in some detail in 
Appendix 6 of reference 1. 

9.1. THE THRUST COEFFICIENT 

Frequently it is advantageous to express the 
thrust in terms of the chamber pressure according 
to the equation 

(6) 

where Cp is known as the thrust coefficient. By use 
of equations (l) and (4) one may obtain 

F = CDfAtPc 
so that 

(7) 

Further, combining equations (5) and (7), one 
obtains 

c F = (-2-)('f + ~l/[2(y- l)] v:- I . (8) 

"~ -1- 1 "~ (vnB'T) 
It will be noticed that the last factor on the right of 
equation (8) is just the reduced specific impulse, 
which is a function of"(, Pa/Pc, and Ae/A 1 • Thus 
the thrust coefficient is a function of"(, Pa/Pc, and 
A./ At and is independent of the molecular weight 
and temperature of the propellant gas. 

The graphs of reduced specific impulse in refer­
ence 2 may be used to compute the thrust coefficient 
through equation (8). A sample calculation is given 
in the reference. 

9 ·5 CALCULATION OF THE 
THERMODYNAMIC PROPERTIES OF 
THE GAS :FROM THE COMPOSITION 

OF THE FUEL 

From the preceding sections it is clear that the 
important properties of the propellant gas, from 
the standpoint of specific impulse, discharge coeffi­
cient, etc., are the values of 'Y, n, and Tc. Ideally, 
the temperature of gases in the combustion chamber 
is the so-called isobaric adiabatic flame temperature, 
which is related in a simple manner to the higher 
isochoric adiabatic flame temperature characteristic 
of the reaction in a closed vessel. Both adiabatic 

flame temperatures are, in theory, calculable from 
the thermodynamic properties of the fuel. Their 
definitions and relationship are discussed in Appen­
dix 2 of reference 1. 

In principle, the computation of the thermo­
dynamic properties from the composition of the 
propellant is a straightforward problem in classical 
thermodynamics. In practice, however, it is the 
developments of the last twenty years which have 
made the solution of the problem possible. The 
development of quantum statistical mechanics and 
the analysis of band spectra has provided the only 
satisfactory method now available for estimating 
the heat capacities of the constituent gases at the 
temperatures as high as those encountered in guns 
and rockets (of the order of 2500 .to 4000 K). 
Further, these developments, supplemented by data 
obtained from modern low-temperature calorim­
etry, have made possible the calculation of equilib­
rium constants under conditions such that accurate 
direct measurements are experimentally impractical. 

It would be far beyond the scope of this report 
to attempt to outline, in any detail, the process of 
calculating the thermodynamic properties of a 
propellant gas. Such an outline represents a sizable 
manuscript in itself. A schematic block diagram is, 
however, given in Figure 2 and serves to indicate 
the general steps in the process. Rather detailed 
discussion of the methods of building up the requisite 
thermodynamic tables is given in reference 3. The 
reference also provides such tables and carries 
through in detail seveml examples of the application 
to specific propellants. References 4 and .5 apply 
these methods to detailed calculations for a number 
of other propellant compositions. 

Actually, references 3, 4, and 5 are concerned 
with finding the isochoric flame temperature (of 
interest in gunnery) and the properties of the gas 
under these conditions. However, as indicated in 
Appendix 2 of reference 1, the conversion from the 
isochoric to the isobaric flame temperature is a 
relatively simple matter. c 

Although the methods of reference 3 are capable 
of considerable accuracy, they are somewhat labori­
ous, and for this reason simple, more approximate 
methods of estimating the thermodynamic proper-

c In x·oferences 3, 4, and 5 tho conversion is particularly 
simple, since the isobaric flame temperatures are essentially 
the temperatures on the Mollier charts of enthalpy versus 
entropy at which the enthalpies are equal to the "enthalpy 
constants" (symbol H, in rdcrcnccs 3 and 5 and symbol A 
in reference 4). 
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ties of the propellant gases have been developed. 
These developments and illustrations of their use 
nre described in references 6 and 7. Summaries and 
tables arc available in Appendix 8 of reference 1 
and in the Appendix of reference 2. 

It must be remembered that the justification for 
the simple methods of reference 6 is based on agree­
ment with the more complete methods of referenee 
3. In this sense the simple method may be con-
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portions of inorganic eonstituents) does not lie 
within the methods described but, rather, is due to 
the almost complete lack of adequate basie thermo­
dynamic and spectral chtta for these other constitu­
ents and t.heir reaction products. In this sense, 
thermodynamics is like a large production machine; 
poor raw material leads to a poor finished product, 
and absence of raw material leads to no product 
at all. 
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FIGURE 2. Block diagram of procedure for calculating the thermodynamic properties from the composition 
of the fuel. 

sidered an "interpolation system" for the more 
complete treatment. In the case of the application 
to propellants of composition widely different from 
Lhose previously treated, it would appear to be wise 
t,o recheck the simple scheme against the eomplete 
one, modifying the constants of the former as neces­
sary to bring it into agreement with the latter. 

The success of the thermodynamic caleulation 
discussed in this section is essentially limited to 
fuels composed almost entirely of compounds of 
carbons, hydrogen, oxygen, and nitrogen. The 
inadequacy \Vith respect to fuels eontaining appre­
ciable quantities of other kinds of constltuents (such 
as composite propellants which contain largo pro-

9•6 HEAT LOSS, INCOMPLETE REACTION, 
POWDER LOSS, AND OTHER 

MODIFYING FACTORS 

The preceding sections deal with the thcoretica.lly 
ideal performance of a rocket motor. In practice, 
many factors arise which prevent the attainm.ont of 
such ideal performance. Dekdlecl description of 
these faetors and their effeets would require a. 
lengthier dissertation than can be given in this 
report; however, since their recognition ancl mini~ 
mization represent a. large part of the science of 
rocketry, t1 brief summary is presented in Table 1. 
Most of the information in. this table may he in-
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ferred from the definitions of the quantities involved, 
although in some cases other sources must be 
called upon. 

Some brief comments and qualifying remarks 
m~ty be useful in understanding Table 1. The 
effect of heat loss on the specific impulse and dis­
charge coefficient arises largely from the lowering 
of the flame temperature, although there is a slight 
effect due to the accompanying small increase in 'Y. 
The thrust coefficient, being affected essentially 

decrease uniformly. However, when the incom­
pleteness of reaction is not extreme, it appears likely 
that the deviation of the thrust coefficient from the 
theoretical will be negative and relatively small. 
Increased operating ptessures will increase the 
completeness of reaction simply because the gas 
phase reaction proceeds mote rapidly at higher 
pressures. Incomplete reaction is generally more 
predominant with "cool" (low flame temperature) 
than "hot" powders. 

TABLE 1. Deviations of static* measurements from theoretical values. 

Influence of operating conditions 
Deviation from ideal o.n deviation 

Modifying 
factor 

Specific Discharge Thrustt Operating Initialtt Comments 
impulse coefficient coefficient pressurP powder temperature 

----~ 

Heat loss 

Incomplete reaction 

Powder loss 

Poor nozzle 
approach 

Pool' nozzle 
e::~.'Pansion section 

Pressux-e gauge 
recording high 
Thrust gauge 
recording high 

Poorly controlled 
instrumentation 

+ 
+ 

+ 

None 

None 

+ None 

Variable Variable 

* Thn,t is, wit.h rocket motor held in te•t stand. 
t See quallfying )'crnm·ks in conte>:t. 

Small 

Small, 
probably 

Negligible 

+ 

Vttda.ble 

Generally 
not large 

Effect decreases 
with increasing 

pressure 
Increases with 

increasing 
pressure 

Sruall 

Depends 
on design 

None 

None 

None 

Generally 
not large 
Generally 
negligible 

Generally i:narked 
at very high and 

very low 
temperatures 

None 

None 

None 

None 

None 

Uniform from shot to shot 

Uniform from shot to shot 

Erratic from shot to shot 

Nozzle approach generally 
badly eroded during shot 
Excessive divergeuce of 
cone~roughness or poor 
contour leading to non­
adiabatic flow 
Emphasizes the impor­
tance of frequent gauge 
recalibrations 

General erratic behavior 
with little or no correla­
tion with operating con-

i"t Opm·M.inp; pressures ate ~;cncwll:;- incre.nsc'd by inr.rcu.Bing initial powder temperature. Care must be tnkeu in scp:~r~.ting pressuN and tempcl·at.ure 
effects. 

solely through the change in 'Y, is decreased much 
less markedly than the impulse. It may be noted 
that at higher expansion ratios the influence of 
changes in 'Y is grenter, so that nt very high ex­
pansion ratios (such as might prove useful in very 
high-altitude propulsion) the change in thrust coeffi­
cient may become somewhat more marked than 
in the case of typical artillery rockets of World 
War II. 

The effect of incomplete reaction is similar to 
heat loss except that increasing incompleteness of 
reaction does not necessarily mean uniformly in­
creasing 'Y, so that the thrust coefficient may not 

Powder loss in a given roeket motor increases with 
increasing pressure because of the greater stresses 
thus applied to the charge. Superimposed on this, 
however, there is often a marked increase in loss at 
high powder temperatures (where the pressure is 
generally high) due to the "softening" of the grains, 
and at low powder temperatures (where the pressure 
is generally low) due to increased '1brittleness" of 
the grains, which results in tendency to fracture 
under the shoek from the igniter. Powder loss does 
not influence the thrust coefficient unless there is 
significant temporary blocking of the nozzle, i11 

which case the result is more apt to be a motor 
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rupture than a recorded deviation of the thrust 
coefficient. 

Excessive roughness in the nozzle approach may 
decrease the efficiency through skin friction. Sharp 
edges may produce excessive turbulence or a "vena 
contracta" which reduces the effective throat area, 
with the result that best advantage of the expanding 
cone is not obtained. 

Roughness or poor contours in the expanding 
section of the nozzle may lead to the development 
of "shock waves" in the nozzle with lowering of the 
specific impulse. Such difficulties tend to become 
more predominant at higher expansion ratios. 

For the general run of artillery rockets of World 
War II the observed specific impulses ran from 
about 5 to about 10 per cent below the theoretical 
(except in cases of large powder losses). The devia­
tions appeared to be largely due to heat loss, al­
though imperfect nozzle design probably made some 
contribution. Thrust coefficients about 2 to about 5 
per cent low appeared to be the geneml observation. 
The deviation is again probably attributable to heat 
loss and imperfect nozzle design. 

9-7 THE ATIAINABILITY OF IDGH 
SPECIFIC IMPULSE FUELS 

It will be noted from the discussion of Section 9.2 
that the prineipal properties of a fuel whieh deter­
mine its specific impulse are the molecular weight 
and temperature of the propellant gas, both of 

which enter the specific impulse as their squme 
roots. A typical rocket fuel of World War II might 
have, for example, a flame temperature of :3000 K, 
an average molecular weight of 25, with a specifie 
impulse of, say, 210 under ordinary operating 
conditions. 

Consider the possibility of a fuel better by a 
factor of 3 than such a conventional fuel. Suppose 
the improvement were to be obtained by an in­
crease in temperature. Then a temperature of 
27000 K would be required. Aside from the dif­
ficulties of finding a chemical renction to produce 
such a temperature, one can imagine the problem 
of finding materials from which to form rocket 
walls and nozzles, capable of withstanding such 
conditions. 

On the other hand, let the improvement be sought 
in the form of a reduced moleeular weight. Hydro­
gen, with a molecular weight of 2, is the lightest 
gas available to us. On this basis we might expect 
to obtain an improvement by a factor of about 3.5. 
Actually the improvement would be somewhnt less 
than this because of the weight of an appropriate 
heater for the hydrogen and the low density of 
liquid hydrogen (see Section 9 .1). 

It is apparent, therefore, that a fuel improved by 
a factor of, say, 3 over conventional fuels (which is, 
of course, n sizable improvement) will represent nn 
outstanding achievement, whereas improvements 
much greater than this would appear to require 
revolutionary developments in the science of reac­
tion propulsion. 



Chapter 10 

KINETIC PROBLEMS 

By R. E. Gibson 

10.1 INTRODUCTION 

T WO VERY IMPORTANT QUESTIONS in the design 
and functioning of rockets focus our attention 

on the chemical kinetics of the burning of the pro­
pelbnt. Both these questions are connected with 
the equilibrium pressure established in the rocket 
chamber. The first question, one of engineering 
design, arises from the necessity of making rocket 
chnmbers as light as possible, since they really 
amount to dead load, and any reduction in weight 
of the dead load means a gain in payload or in 
velocity. This puts up to the designer of a rocket the 
question of how to make his rocket motor as light 
as possible and at the same time strong enough to 
withstand any internal pressure likely to be de­
veloped. Control of the internal pressure is very 
important, therefore, from the viewpoints of effi­
ciency and safety of design. The second question 
arises from the fnct that the thrust of a rocket, and 
hence the acceleration it receives, is given by the 
product of the area of the thrust, the throat coeffi­
cient, and the internal pressure, F = A 1G\P. Since 
A 1 and Cn are substantially constant, we see that the 
internal pressure determines the acceleration of the 
rocket and hence its trajectory and external ballis­
tics, particularly the value of the gravity drop dur­
ing acceleration. The second question is, therefore, 
can the internal pressure be controlled within 
tolerance compatible with required ballistic per­
formance. 

The equilibrium pressure in a rocket chamber is 
determined by a balance between the rate at which 
gas is produced by the propellant and the rate it is 
exhausted through the nozzle. The rate at which 
the propellant produces gas is proportional to the 
area of burning surface and the linear rate at which 
the burning surface progresses. The effect of com­
position, pressure, temperature, and other environ­
mental factors on linear rates of burning, therefore, 
takes on a very practica.l significance. It should be 
mentioned in passing that the term "burning" used 
in this connection should not be confused with burn­
iup; in iJ1c sense commonly used, namely, to denote 
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interaction of the substance being burned with 
atmospheric oxygen. In the "burning" of solid 
propellants, as it takes place in rockets, atmospheric 
oxygen plays no part, although it has been found 
that the accidental presence of atmospheric oxygen 
may lead to confusing results in experimental 
studies.1 a The term "burning" when applied to a 
propellant refers to the extremely complex chain of 
reEtctions which go on when the molecules in the 
system, for example, nitrocellulose-nitroglycerin 
stabilizers, undergo rearrangements to give oxides 
of carbon, water, nitrogen, and small amounts of 
other simple molecular species. 

1o.2 LAW OF BURNING-EFFECT OF 
PRESSURE ON LINEAR RATES 

A grain of propellant burns on all exposed surfaces, 
and the burning surface progresses into the body of 
the grain at a linear rate which is the same at all 
points provided that the powder is homogeneous 
and that external eonditions are uniform. This law 
is often called the law of burning in parallel layers. 
The linear rate of burning does, however, depend 
on the pressure of the gas over the propellant, the 
original temperature of the grain, its ehemical com­
position, and, to a lesser extent, on factors whieh 
will be discussed later. 

Two equations have been used extensively for 
expressing the linear rate of burning of a propellant 
as a funetion of pressure: 

r =a+ bP, 
r = cPn, 

(1) 

(2) 

where r is the linear rate of burning, P the pressure 
under which the powder burns, and a, b, c, aml n 
are empirical constants. 

Considerable thought has been given to the 
adequacy of one or the other of these equations to 
fit the experimental data. Results for some powders 
are better fitted by (1) than by (2), and for other 
powders the reverse is the case. Neither equati.on 
fits within experimental error over a very large 
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range of pressure, but either usually gives an excel­
lent fit over a range of severnl thousand pounds per 
square inch. This subject is discussed in several 
reports. 2- 0 Several important powders developed 
during World War II exhibit a pressure dependence 
of the linear burning rate that is not well expressed 
by either (1) or (2) ,0·9 If, however, we use either of 
these equations to derive a formula for the equilib­
rium pressure in a rocket motor, we arrive nt an 
equation which is not misleading and does bring out 
the role of the various factors involved. 

Equations in terms of both burning rate lnws are 
derived in Rocket Fwndamentals. 2h Equation (3) 
gives the form corresponding to the burning rate 
law (2) and, being the simpler to follow, is quoted 
here. 

J
l/(l- n) 

p = [8c(p ~ Po) . 
.4_ tCD 

(3) 

In equation (3), P is the equilibrium pressure, Sis 
the area of the burning surface of the propellant, p 

is the density of the solid propelbnt, Pu is the 
density of the propellant gas in the chamber, A 1 

is the area of the throat of the rocket, CD is the 
discharge eoefficient of the gas, and c and n are the 
constants in the burning law equation. In Chapter 
12 the effects of other faetors infiucncing the 
steady-state pressure are discussed. 

10·3 KINETIC FACTORS INFLUENCING 
THE EQUILIBRIUM PRESSURE 

Equation (3) shows at once that a stable equilib­
rium pressure can be generated and maintained 
in a rocket only if n for the propellant is con­
siderably less than unity. If n is equal to 1, 
l/(1 - n) beeomes infinitely large, and any small 
change in one of the factors within the braeket will 
cause an infinitely large ehange in pressure. A 
roeket could not be designed under sueh conditions. 
On the other hand, if n is zero, an ideal state is 
reached, because under such eonditions the equi­
librium pressure would vary only linearly with the 
quantities within the bracket. In general, if n is 
between zero and one, a, stable equilibrium can be 
reached-the pressure will rise or fall to adjust itself 
to the equilibrium value. The values of n for the 
double-base powders available at the beginning of 
\Vorld War II lie between 0.7 and 0.8, close enough 
to unity to raise difficult problems in rocket design. 

If we assume an average value of 0.75 for then of 
these powders we see that equation (3) becomes 

p = [Sc(p -=."J!u)_J4 (4) 
JLCv 

and that the internal pressure varies as the fourth 
power of the parameters within the bracket. The 
balance is a delicate one, for example, a rise of 10 per 
cent in the area of the burning surface will cause 
the pressure to rise more than 40 per cent. Changes 
in the other variables produce equally dn1.stic effeets. 

We have diseusscd in Chapter 9 the limitations 
placed on A 1 by port area and loading density con­
siderations, and we have also shown that CD de­
pends on the thermodynamic: properties of the pro­
pellant gas. It is unnecessary to discuss these 
quantities further here except to point out that, 
where n is large, the area of the throat of a rocket 
must be held within very dose tolerances and that 
erosion during burning can easily upset the pressure 
balance in the rocket significantly. The qu:omtities 
which coneern us most in a consideration of the 
kinetics are n, S, and c. 

10.4 THE PRESSURE EXPONENT 

It will be seen at once that extremely practical 
considerations demand that t1. good propellant have 
a linear rate of burning which varies as little as 
possible wi.th pressure, i.e., n should be as close to 
zero as possible in equation (2), or b and h should 
be as small as possible in equation (1). This require­
ment led at once to two lines of research: (1) an 
empirical study of the effect of composition changes 
on the pressure dependenee of the rate of burning 
of a powder and (2) theoretical studies to develop an 
understanding of the burning process with a view to 
isolating the factors that determine n and finding 
out how to control them. The theoretical studies 
progressed to the point where a satisfactory general 
theory of the mechanism of burning double-base 
powder was formulated. The Universities of Minne­
sota and \Yisconsin, Division 8, NDRC, and the 
British investigators made major contributions in 
this field (see bibliography listed in reference 4), 
but it cannot be said that any really useful means of 
reducing the pressure dependenee of the rate of 
burning has yet eome from these studies. The 
empirieal studies whieh will be outlined later in this 
chapter were more sueeessful, and by 194.5 a number 
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of double-base powders with very low pressure ex­
ponents over a given range of pressure were dis­
covered. Of these, powders H-4 (T-2), L 4.8, and 
Gll7B were the most noteworthy examples.3 

10.5 THE CONSTANT c 

In addition to depending on the pressure, the 
burning rate of a grain of powder depends on its 
composition, its temperature, and the velocity of 
the gas stream in which it finds itself. The radiation 
falling on the powder also influences the burning 
rate, but, since this effect works by raising the 
powder temperature, it need hardly be considered 
to be an independent one. 

When powders whose compositions differ widely 
are examined, we find that they give values of both 
c and n in equation (2) which are different. If, 
however, one examines a series of powders whose 
compositions do not differ widely~.for example, 
manufacturing variations of the same basic formula 
-we find that n may be taken as the same for all 
the powders and the variations in burning rate may 
all be absorbed by variations in the constant c. 
Likewise, change of temperature has little effect on 
n but does change the constant c. 

We may assume, therefore, that manufacturing 
fluctuations in composition and variation in am­
bient temperature affect the equilibrium pressure 
in a rocket by changing c in equation (2). If n is 
large, then changes in c will produce magnified 
changes in P. This, of course, again emphasizes the 
value of reducing n, but, if such a reduction is not 
possible, every effort should be made to reduce the 
variations of c as a result of composition and tem­
perature fluctuations. These considerations lead 
again to the need of empirical and theoretical 
knowledge about the effect of compoBition and tem­
perature on the burning rates of powders at a given 
pressure. 

10.6 THE AREA OF THE 
BURNING SURFACE 

If a constant chamber pressure throughout the 
entire burning time of the propellant is desired, and 
this is generally required for the most .efficient de­
sign, it will be seen that the area of the burning 
surface of the powder must remain constant within 

very narrow limits. When the propellant obeys 
exactly the law of burning in parallel layers, it is a 
relatively simple matter to calculate the burning 
surface area at any instant if the original geometry 
of the grain is known, and it is possible to arrange 
this geometry in such a way that the burning surface 
does remain constant within the desired limits 
throughout the reaction. A singly perforated cyl­
incler burning only on the external and internal 
cylindrical surfaces is a simple example of a grain 
whose burning area remains constant, i.e., a neutral­
burning grain. The cylinder burning on the ends as 
well as the inner and outer surfaces would be a 
regressively burning grain since the area of the 
burning surface would deerease during the process. 
A number of suffieiently neutral grains were devel­
oped during World War II. It might be added that 
the increase in port area during burning causes the 
pressure curve to be regressive even for a grain 
having a constant burning surface. In cases when 
this effect is particularly large, it is advantageous 
to have the charge arranged so as to produce an 
increase in surface during burning to give a more 
constant pressure. 

1o.1 RATES OF BURNING OF 
DOUBLE-BASE POWDERS 

The chief experimental work involved in the 
study of the kinetics of the burning of rocket pro­
pellants consisted of making reliable measurements 
of the linear rates of burning of powders of different 
but known compositions at different pressures and 
temperatures. Other experimental investigations 
concerning the effects of radiation7•8 and of rate of 
gas flow 4 on the burning rates were also made. At 
the outset of the work the opinion was held by some 
workers with apparent justification that small-scale 
determinations of burning rates were of little value 
in the prediction of the ballistic behavior of a pro­
pellant in full-scale rockets. However, results of 
subsequent investigations showed that this opinion 
was not well founded and that small-scale ex­
periments give useful information about propellants 
provided that proper account is taken of all the 
variables involved. An example of the practical 
application of small-scale experiments is to be 
found in the report on the development of a smoke­
less propellant for the JATO unit. 9 This subject. 
js discussed further in Chapter 12. 



RATES OF BURNING OF DOUBLE-BASE POWDERS 

Three distinct methods were used for determining 
the burning rates of powders: (1) closed bomb 
method, (2) vented vessel method, and (3) burning 
strand method. For the same powder, these three 
methods all gave values of the burning rate at a 
given pressure and temperature which were recon­
cilable, although the task of reconciling them was 
accomplished only after considerable study and con­
sequent gain in knowledge of the processes involved. 
The methods ·will now be described. 

1Q.7.1 Closed Bomb Method 

This method has been extensively used in con­
nection with gun propellants. A sample of powder 
of kno\\'11 geometry is enclosed in a heavy-walled 
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The possibilities of the closed bomb for studying 
rocket propellants were explored at Duke Univer­
sity and at ABL and several reports are available.10 

The method is valuable for giving rates of burning 
when the linear mass flow of gas over the propellant 
is essentially zero. In general, however, the closed 
bomb is less useful than the other methods, ehiefly 
because its accuracy is best at high pressures and it 
is not well adapted to giving accurate results at low 
pressures-below 2,000 psi, the region of interest in 
rocket work. 

One very interesting phenomenon was observed 
when singly perforated grains were burned in closed 
bombs, namely, that high-frequency vibrations 
were set up during the burning, especially on records 
plotting dP j dT. These vibrations were stopped if a 
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FIGURE 1. Small-scale experimental rocket. 

steel vessel, or bomb, capable of withstanding up­
wards of 100,000 psi. The bomb .is provided with a 
water jacket to control its temperature, and with a 
fast-responding pressure gauge by which the pres­
sure is recorded as a function of time during the 
burning. It is now common practice to use ~'t piezo­
electric gauge "'ith n,mplifier n,nd oscilloscope and to 
record pressure and change of pressure with time 
simultaneously. 

In an experiment the bomb is closed tightly to 
prevent gas leakage and the powder ignited. After 
proper corrections for cooling, the maximum pres­
sure and the change of pressure with time give the 
rate of gas evolution, and this· information com­
bined with a knowledge of the geometry of the grain 
enables one to calculate tbe linear burning rate at 
any pressure in the region covered. 

steel rod similar to a tmp wire in ~" rocket was 
slipped through the perforation.10 The phenomenon 
is akin to the "resonance effect" found in rockets 
and mentioned in Chapter 12. 

10.7.2 Vented Vessel Method 

In this method the grain of the propellant is 
burned in an experimental rocket motor fitted with 
a venturi to give the desired equilibrium pressure. 
For any series of experiments severn,l motors and a 
large number of venturis of different sizes are re­
quired.4·5·J-> In order to cut down effects of high gas 
velocity on the burning rate, the motors should be 
so designed that the free port area is much greater 
than the area of the throat of the nozzle. Special 
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-apparatus was used for extruding the powder into 
suitable grain sizes for this work, and the shapes 
and sizes \vere carefully controlled by machining 
and measurement. The temperature was controlled 
by conditioning the motor and propellant in a suit­
able thermostat before firing, and the pressure as a 
function of time was measured by rapidly respond­
ing Bourdon gauges 12 or strain electronic gaugesJ3 

Special precautions for getting rid of the exhaust 
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FIGURE 2. Typical pressure-time curves obtained 
from bul·ning of powder in vented vessels. 

gases and barricades to confine the results of ex­
plosions were needed. The pressure-time curves at 
different temperatures and the geometry of the 
propellant grain are the primary data and suffice 
to give the burning rate as a function of pressure 
and temperature. A typical experimental rocket 
motor, a pressure-time eurve, and a graph showing 
burning rate as a function of pressure are shown in 
Figures 1 , 2, and 3 _ 

By means of this technique, several hundred 
powders covering a wide range of compositions of 

double-base and composite propelln,nts were ex­
amined at Indian Head and Allegany Ballistics 
Laboratory_ The results are to be found in refer­
ences 3, 5, and 15 _ In some cases time permitted 
only the gathering of fragmentary data, and these 
results are t,o be found in the files of Allegany 
Ballistics Laboratory. 

3.0 

2.0 
v::; 

~ ~ ~/ 
U'l 
"-

!: 
1.0 

"-' 
f-
<1 
a: 

L~ r? ~ ~ / 
./ 

V/ /' 
LD l.(<' 

"' z v / 
z 

0.5 a: 
;:> 
on / 

/ 0 50° c 

0,3 ~ 0 ~5° c 
l>-Z5° c 

0.5 1.0 z.o !>.0 s.o 
AVERAGE PRESSURE 1 N 1000 LB PER SQ INCH 

POWDER COMPOSITION A- 68 
NITROCELLULOSE 

INCLUDING %N 
NITROGLYCERIN 
POTASSIUM SULFATE 
ETHYL CENTRAl.ITE 
TOTAL VOLATILES 
LAMP BLACK 

57.55 
I 3. 21 
3 9.96 

1.48 
1.01 
1,0 0 
0.10 

HEAT OF EXPLOSION: 1258 CAL PE_R G 

BURNING RATE OATA: 

TEMP 

oc 

50 o. 7 5 
25 0.7 5 

-z:; o.e 1 

4.51 
3.86 
z.oo 

" 0,1 a 

PRESSURE LB PER SQ IN. 
1000 2000 3000 4000 

BURNING RATE IN. PER SEC 
o.79 1.::13 1.60 2.23 
0.70 1.1 B 1.61 2.00 
0.5 0 0.93 l-29 1 .53. 

c' 
0.649 

FIGURE 3. The linear rate of burning as a func­
tion of pressure for a double-base propellant. 

10.7.3 Burning Strand Method 

This method is n new one and was developed at 
the Universities of Wiseonsin and Minnesota.1b 

The apparatus consists of a strong steel vessel of 
approximately 300-cu em capacity capable of with-

-
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standing a pressure of 25,000 psi. The lid of the 
bomb supports a framework on which a strand of 

powder ftbout 5 in. long may be supported. In­
sulated leads through the lid connect with two fine 
wires wrlich pass through the strand, one near the 
top and the other near the bottom. A coating of 
polyvinyl alcohol on the lat!~ral surfaee of the strand 
prevents it from burning on any but the upper end 

BOTTOM OF THERMOSTAT 

FIGUSE 4. Diag-ram of apparatus for direct deter­
mination of the linear bux·ning rate of a strand of 
powder. 

surface. The strand und wire are placed in the 
bomb, the lid fastened tightly, and the whole im­
mersed in a thermostat. The apparatus is illustrated 
in Figures 4 and 5. Inert gas is pumped into the 
bomb until the desired pressure is reached. When 
temperature equilibrium is attained, tho strand is 
ignited at the upper end; as the flame passes each of 
the fine 'Wires an electric circuit is broken, and the 
interval between the breaking of these ch·euits is 

recorded automatically. At the same time gas is 
exhausted from the bomb a.t a rate sufficient to keep 
the pressure constant. The length of powder be­
tween the two timing wires is accurately known, and 
hence the linear burning ra,tc may be accurately 
measured. 

This method of measuring burning rates has great 
udvantages. It is direct, it requires very little 
powder for an experiment, and it is rapid. A varia­
tion of this method uses n, bomb provided with a 
window so that the course of burning may be ob­
served visually or by high-speed photography. By 

this method a large number of experimental pow­
den; bavc been investigated, twd it should prove 
to be a valuable adjunct to rtny development or 
manufaeturing program. It is most valuable for 
comparative measurements, sim~c the radiation 
effects and the influence of the surrounding atmos­
phere of inert gas produce results that caruwt be 
directly compared with those obtained when the 
powder is surrounded by a fairly thick layer of its 
own combustion products. Reports describing this 
technique and preBenting the data on a series of 
double-base powders may be found among the final 
reporto from the University of ~VIinnesota lb and 
from the Allegany Ballistics Laboratory, 6 

10.8 

10.8.1 

SUMMARY OF 
EXPERIMENTAL RESULTS 

Dependence of Burning Rate 
on Pressure 

For most double-base powders ttnd for some com­
posite propelhmts, it was found that the burning 
rate data could be expressed within experimental 
error by either equation (1) or equation (2)-the 
linear or the exponential equations-between 200 
and 500 psi. It seemed that equation (1) g~we a 
better fit for some po•vders while equation (2) gave 
a better fit for others. It is eertain, however, that 
both equations must be extended by the addition of 
another pressure dependent term if they <tre to fit 
data down to atmospheric pressure.1u 

Propcllant;.s rich in nonexplosive plasticizers such 
as centralite or triacetin were found to give rate of 
burning-pressure curves that exhibited features 
hitherto unobserved.3 • 5 '

9 The curves were S-shapecl 
and even exhibited maxima. Powders L 4.8 and 
H-5 (see Table 2 of Chapter 13) both showed this 

t'\·, ' 
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behavior. I u t his t,ype of propellant t here is, there­
fore, :t region of pressure over which the burning 
rate varies very slightly. If equation (2) is fitted to 
t he burning rate data in t.bis range, the exponent n 
is fouucl to be very sroull . Jt is emphasized that the 
region over which suc:b a simple equation fits the 

In T:lble 1 tbe exponents and t be corresponding 
pressure ranges urc given for these powders <lncl 
compared with those of ordill:lrJ' double-base rocket 
propellants typified by the T-1 propellant which 
was available curly in World \Yar TT . The ex­
planation of the beh:wior of powders like L 4.8 or 

1;-JGlmt~ 5. Photogn'l.J)h of apparatus for di nwt determination of linear hurning xates. 

compli(:ated bun1ing ritle-pre,;,;ure curve is small fo•· 
these powders, but it is at least 1,000 psi. Tf, there­
fore, t hese propellants arc burned in :1 rocket de­
signed to develop au equilibrium pressure in the 
proper range, they possess a ll the adnmtages of a 
powder with " small n. The equilibrium pressures 
vary only slightly wit.h tempcrat.urc, surface, throat 
areas, etc. 

II-5 is not complete. 1t seems !.rue, however, t hat 
at low pressures the nonexplosive plastiei%ers do not 
react <:ompl~Jtely with the explosive ingredient and 
hence the flame temperat ures itre higher t han t.hey 
would be if equilibrium were reached, because mo•·e 
carbon dioxide is formed . At higher pressures t he 
nonexplosive plnsticizc•·s Iitke more part in tl1e reac­
tion-carbon monoxide is formed il\ place of carbon 
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TABLE 1. Burning properties of various double-base 
propt:,llants. 

Press\u·e 
Propellant ell:ponent (n) 

Pressure 
range 
(psi) 

TcmpBrature coefficient 
(percentage change in 

prcs::.·ure per degree 
centigrade) 

L 4.8 0.21 
H-5 0.38 
MJA 0.46 
T-2 0.69 
T-1 0.73 

soo-1,soo 
1 '50Q-3 ,000 

SQ0--4,000 
1, ooo-4, 000 
1, (1()(}-4, 000 

0.1 
0.6 
0.3 
0.8 
l.5 

dioxide, and the flame temperature drops to the 
value expected on the basis of complete combustion. 
Since the rate of burning depends on the flame 
temperature, this explanation does give a picture 
which seems to be qualitatively correct. 

10.8.2 Dependence of Rate of Burning 
on Temperature 

It ·was found 1" that the burning rate of a propel­
lant could be generally expressed as a function of 
temperature by an equation of the form 

or by combinations of (3) and (5) as 

c'P" 
1' = . 

T 1 - T 

(5) 

(6) 

In these equations c' and n and T 1 are constants 
whereas T is the initial temperature of the powder. 
It will be seen that the larger T1 is, the less will r 
change with 'P. A considerable variation in T1 was 
found in the variety of powders studied, but no 
convincing generalizations were uncovered. 

In actualt·ocket practice the variation of equilib­
rium pressure ·with temperature is a quantity of 
great significance. This quantity should be as 
small as possible to promote efficiency of design and 
constancy of thrust. It was found that reduction in 
n gave better practical results than increase in T1. 
In the last eolumn of Table 1, the "temperature 
coefficients" for the powders are given in terms of 
percentage change of equilibrium pressure vvith 
temperature under such conditions that the con­
stants S, (p- p0), A 1, and Cp in equation (3) were 
held constant. It "'ill be seen that for L 4.8 and 
MJA the temperature coefficients are much im­
proved over that of the classical powders, as repre-

sented bv T-1. Results for a number of other 
powders 'are in references 3, 9, and 18. 'l'his im­
provement did more than anything else to make 
smokeless rockets possible for the jet-assisted take­
off of airplanes. 

10.8.3 Dependence of Burning Rate 
on Chemical Composition 

Examination of the burning rates of t:t fairly wide 
assortment of double-base powders showed that a 
plot. of the burning rates at a given pressure against 
the heat of explosions of the powders (measured on a 
water liquid basis) could be expressed quite well by 
a straight line (see Figm:e 6). The higher the heat 
of explosion, the greater is the rate of burning under 
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FIGURE 6. The linear rates of burning of a num­
ber of double-base powders as a function of their 
heats of explosion. 

comparable conditions. 5•15 •23 It is· possible to cal­
culate quite accurately the heat of explosion of a 
powder from a knowledge of its chemical composi­
tion and a table of constants characteristic of each 
ingredient.23 We have, therefore, a means of deter­
mining approximately the burning rate of a powder 
if its composition is known, or, conversely, of speci­
fying a composition of a powder to fulfili certain 
burning rate requirements. For the most accurate 
work, this relation must be supplemented by ex­
perimental determinations, but it is a good first 
approximation and proved of great value in design­
ing propellants for new rockets. It was used with 
effect in designing the H-4 powder charge for the 
115-mm aircraft rocket 14-probably the most satis­
factory rocket propellant yet developed-in the 
short space of a few weeks. 
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As a general rule, it was found that the slower 
the burning rate, i.e., the lower the heat of explo­
sion, the Bmaller was the temperature coefficient for 
a powder. The important composition effect pro­
duced by the presence of large amounts of coolants 
such as triacetin has been already discussed under 
the dependence of burning rates on pressure. 

10.9 INORGANIC SALTS 

Inorganic salts such as potassium nitrate or 
potassium sulphate are well-known minor constit­
uents of powders, but their effeets on rocket pro­
pellants wen~ not fully explored until recently. It 
is desirable to discuss these effects in two parts: 
first, the effect of small amounts of salts ~tncl, sec­
ond, the effects of very large percentages of salts. 
When present in small amount (l to 3 per cent), 
potassium s~tlts modify the burning properties of 
th(3 powder in several desirable ways: (1) they in­
crease the ease of ignition, (2) they promote regular 
burning at low pressures, (3) they tend to reduce 
flash in the exhaust gases, and (4) they modify the 
course of the pressure-time curve. The flash­
reducing properties were well demonstr~tted in the 
use of H-4 ('1'-2) powder both in the 115-mm air­
craft rocket 14 and in certain modifications of the 
472-in. spinner rocket.n In general, the elimination 
of flash is brought about by cooling the exhaust 
gases to a sufficiently low temperature before they 
mix with the atmosphere. Two factors assist in this 
cooling process: the use of "cool" powder and the 
use of a large expansion ratio in the rocket nozzle. 
Both these effects, however, arc helped by the 
addition of potassium salts to the powder. For 
example, it was found that in a given rocket a 
powder containing potassium nitrate was essen­
tially flashiess, whereas a powder of approximately 
the same heat of explosion but not containing potas­
sium nitrate gave a brilliant ftam:e in th(~ exhaust. 

The modification of the pressui'e-time curve by 
the introduction of potassium salts into a given 
powder composition was traced to the effect of 
radiation.l 5 The presence of potassium salts in the 
hot gases from a powder increases the emissive 
power of the gases, and hence more radiation falls 
on the burning propellant per unit tirile, per unit 
thickness of radia,ting gas. If the opacity of the 
propellant grain is not sufficient to absorb all the 
radiation in a very thin outer layer, radiation will be 

absorbed in the body of the gra,in, and n rise in 
temperature will result. ThiB will cause an increase 
in the rate of burning and a consequent rise of 
equilibrium pressure in the rocket. Since the 
amount of radiation falling on the propellant grain 
depends on the time, it will be seen that this pro­
vides a mechanism whereby the burning rate in­
creases as the propellant is consumed, i.e., the 
powder burns progressively. In the J-'8-in. singly 
perforated stick granulation, it was found that the 
JPT powder without, potassium nitrate gave re­
gressive pressure-time curves, that is to say, the 
pressure rose to a maximum and then fell off slowly 
ns the propelbnt was burned. This was due to the 
fact that these gra,ins burned not only on the 
cylindrical surfaces but also on both ends, an.d 
consequently the area of the burning surface de­
creased during the reaction. The port area a.lso 
increased during burning. When potassium nitn:~,te 
was added to the composition, progressive pressure­
time curves were obtained, the pressure rising 
steadily to the end of the burning.'i' 15 •16 It was 
found that the amount of progressivity in the burn­
ing of these grains could be controlled not only by 
the addition of potassium salts, but also by the 
addition of varying amounts of earbon black to the 
propellant in order to eontrol its absorption eoem­
cients for radiation. This phenomenon is diseussecl 
in detail in references 5 and 24. It should be em­
phasized here, however, tha,t in the design and 
manufacture of a first class double-b~1se rock.et pro­
pellant considerable care should be given to speci­
fying the proper salt content and carbon black 
content to give the desired type of pressure-time 
curve. The hotter the powder, the more attention 
to these details is required. 

When large amounts of inorganic salts 'Were in­
corporated in double-base powder, together with 
somewhat smaller amounts of carbon or other solid 
redueing agent, entirely new effects were seen, the 
most important being a mttrked decrease in the 
pressure exponent of the powder. This phenomenon 
is exemplified in solvent-extruded composite propel­
lants which consisted of a nitroglycerin-nitroeellu­
lose powder in which was incorporated upwards of 
50 per cent of potassium perchlorate or potassium 
nitrate and several per cent of carbon. A typical 
composition of this propellant is given ln Table 6 
of Chapter 13. A large and successful development 
program to make these powders was carried out by 
Division 8, NDRC. Part of this is described in 
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Jmnt IJI\·i,ion 3 and 8 final l't'p<>rt~."·" For" full 
:u·rount tlw Rumrn:sry Te<.·hnkul Hl'port of Di,·ision 
S 'h"" I <I 1><' consulted. 

'"· "' nUllNING RATES ANI) li t\ I)IATION 

~omt• rlil\t:tl'l uf r~u.liatiou em llw hUI·ning o[ rockcl 
prop~llnnh haw been outlin~tl in I hr prc<·<'din)! 
paml.(raph .... G,.,.nernlly :O:Jl<'~lkin,::~ the r:Hii:uion (rom 
t hr hot powder g:ls inOuem'<'> t ho• hurninj! o[ the 
JlOWd(\r ~min hy p<'netrntin~ below t he• reaf'ting 
ht)'('l' :mel t:au:-.iug a ri:w fJ( t f'mpcnth1r(' which in 
turn int'l'{·n:ors. the bm·ruug J'att' . Tlw ma~niturlc of 
I his J'i~O or •C'InjWJ'i'1t,lJI'C ill f'I'C.tl ~(.'~ With LJw lut.a) 
c•JU i :-~ i \'(• POW(')' ' ii :::;el r {1,. fuHc:t.ioJI uf t ht' 1 c~mp<·rnt.ure 's 
:nul t IH' 1 h ic·lnws:s of tht' hot ga~ !(tll'rounding the 
g,rai n. rt ui~H clt•pt·ntls o n t lu.• nh:;OI'}ltion c-oefficient 
011 the ll()Wtl~r itself in tbe :wproprJ:tl~ rr~o:ions of the 
"IWdrum. Thr. cffe<·t of r:tdiutiou in t"1lm':ing the 
pro)C.rt ... ~i \'C burning or nM·krt powOcr~ Wi\$ iu,·e:,.­
li~:lt('(l ~xperimenwlly :md tbcorNio·ally hy con­
:-;.itlt•r:ttion of t1u_• abovc-mcntionNi fsc·tor.s, ;:tnd the 
ngrc·cnwn1 bC't W€'~1\ t he n·~uH ~ or 1 h(':;C two lines of 
:•t t:H'I\ indi(·utc~ t h9 t t he phL'HOliJC'IHHl is fairly well 
Ulhlt·r·~tocu l. '·' .~ n irdercsting c·xarnple of tlw in­
tlw•lll'(' of m ditttion wa:;;. nol(•d iu Ill<' dt•vdopmcnt 
of f.!L':tiH"' with lonJ.! burning tinu~.:-. ( 10 :o;ct·ond:;;) for 
j('l-;_~.., ... i..,lL~d tuk~-o[ work,!! 

.\ \'{'r.r <lr:l:;;(i(' cxumple or the t·ll'h:l of r.ulbtion 
011 the hunting of l)Owdrr.~ of l1if.!h t·nlori6t· value wa~ 
•li><·o\'<·rcd early iu \Y ort.l W:ar II. Thr rffN·t was 
"'U :-.(•rima:-- 1h:1l for ~1 whil<' it \\:ll-1 1luubt<-tl w)wtlwr 
tloublt·-ha>t' powder t·ould ht• ""'''I us :t reliable 
ro..I(,•I }JI'IlJWIIant. l n the e:<rl.1· tl11ys of rocl<<'i. 
dt•\'('lopiiH'It~ hy SN:tion II , Division :1, xonc, 
l'On~idt•J':\b lc tro·ublc was mu:ouut(•l'(•cl fmrn the prcs­
<'IH'(' of ~·nH'k~, fi~surcs, or othca· U1tw~ in lhc pl)wder 
ji;J'ain.• . \Yiw11 llw grai11" burned, th<· fin me entered 
tltcs(' fi~ .... urc.:, ~rcatly incre:t~in,.: lht~ hurn in_f! :o:urfncc 
art-a uvt~r t h:11 prcclirtc:'d VIHI Ctt\l~in~ :t l:ugc iucrect:re 
in inu·rnnl J)re--sure with •~ •m--<•qut>nl \'iolcnt dis­
ruption of the roC'ket . n~:ueh iu the mauufaetur­
iiiJ! pnwt•..;l'\ n~..;uhNJ in the OV<'rc·omin~ of this diffi­
('ttlty, Lui th(' po~ibilit_,. uf fi":ot.ul'('o; hting present 
in d w IU'O)H'llant g rain:i wu~ so :-:erious t.ha~.> a 
powdtl' \\'ii.s dcvcloped whiclJ \\':t~ lrnn~luccn t enough 
to a llow po:o;it ivc visual inspC!cli(JJ\ c,r t lto grair't:> for 
li~UI'i..'" or nnw~. Thi~ powdf'r hnd n composition 
,imilnr to J PT in Table I u[ ('h:opl<'l' 13 , had a 
bi.&:h hrat 11f rxplo;.ion, nntl wn .. made in gr:1ins that 

wrre al,..<>lntely flawless \\ith "~~~~li~~:ibl'' J><'r<'entage 
of n•j<'t·t:-~o. ~f'\'C'rllu:·lc.~1 rtJrlw1 ... c'\m1i tHt('d to blow 
\lp . . \ 1c)thuit1U<' for extingul!Chiug JtOWdtr g:r:•in:: 
lw run· the hurnlnJ! was comvll'l{' rf' \'C•n k·d that a 
uumbt'l' of l ilt' I ransltJ(:cnt gru in :ot cl<•Vc·IOJH'cl numm·­
OU~ H~:oo,trrs during buruiug. and lwnct• Ul(· art~H 
ot' tlw lmrn inJ.' surrace.s inc:t·r:l l,;;('d "it h disu.str0\1~ 
eil't~t·t~. fif.{Uf<' 1 . ..;.hnw.:-' th ... IYIW nf plwnomcntl 
\.'IH'OU1llt'l'(.'ll With 78-in. JP1" )}U\\'th'r. [ nt(•th'i\·(' 

~tuol~· -huwrd that th<' clfc~t was due lo r:uliation 

- -------------. 

., ... 
1''1GUfl& 7. Radiation .fissm·in~ to( i\ h()l doul!lc.­
l)tl!(t' JJ•wtdct·. Compayi~on of mu·tinlly b\ll'ned ;'\nd 
\tnb\ll'rlCd gl'ains. 

h·oru th<' hut 11owclcr ~~\:oe:-- }>etH.·tmliu~ tlw powtlt!r 
nm1 t•an .. ittJZ: .;trnng hx·nlll(':tting ,,·hc·n nh ... orhed by n 
uaec of olirt or an a~eidental l'l'l(im• of hil(h ah­
;o-.Orhin$: JWl\\'C•r. Thf' r('mcdy ("(>t'h•t ... INI in imrodtt('­
in~ o;,ufli<·u•ut ~·()loriug mat h•r iutu tIn- JMnnlcr tu 
ab~urh tlor• r:uliat ion almo>t tol<I}IIN~I~· in the outer 
loy(.'I'S,1 'l.l4·111 h wa . .; founcl with ull hot. powder~ 
(JH"al • .; or <:xplu~ion 0 1\;). walcr liq uid bn"!is greater 
Limn l,OOO <·:>lorics per jt<'am) t h;~t stahlr• bnrnin~ 
in nwkN motor;\ i:-~ po~silJ)p onl.'· wht•n llw powder is 
m:ttlc . uflidcntly opaque to I'IIOli :>tion. .\ t the 
Ca1iiorni:t ln.,tit utc of T rc·lmoluJ(y tlw ... am(' cHffi ... 
l·ultit""' ,,·••rt• Nteountcred with a powdt•r ,·~ry similar 
io eotllJ...,.ition 10 J P::\ <•cr Tnbl~ I of ('hoptrr 13) 
:tnd ~i)h·t"<l in tlw ~nw way. 

1o.n 'l'lffiORETICAL W OHK 

1\ ;; mny 1w \n•11 cxptdNI, rc:u·tiuu uf double-base 
powtlt•t' .lo produf·e oxides o( ('~U'I>Oil , hyclr•)~cn . 
wa tcr, nntl niti'OJ!C» is an cxtrt.•nwly t•c.mph•x J)f<H·t•ss . 
H hn• hrrn nttackP<I lht>Oreticull~ both iu thb 
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country and in England, and it is safe to say that a 
theory is now worked out to a point where the 
general processes are qualitatively understood and 
some quantitative predictions can be made. The 
theory is not in a shape where definite simple 
generalizations can be made. 

Very briefly, the theory of burning at moderate 
pressures (of the order of 10,000 to 15,000 psi) 
assumes that the burning reaction takes place in 
three stages: a first-order monomolecular decom­
position which takes place just below the burning 
surface, a. second-order monomolecular reaction 
which takes place in the gas phase close to the 
burning surface, and a branched chain reaction 
which takes place in the gas pha.se at somewhat 
greater distance from the burning surface. The 
second stage has been referred to as the dark-zone 
reaction and the third stage as the luminous or 
flame reaction. The overall rate-controlling step is 
assumed to be the surface reaction, which in all 
probability is an exothermic decomposition reaction 
involving the formation of nitrogen dioxide. The 
rate of this reaction depends chiefly on the tern­
perature of the powder very close to the reacting 
surface, and this temperature in turn depends on 
the rate of heat transfer from the hot gas phase 
back to the surface. In the steady state there is a 
steep temperature gradient from the powder surface 
to the flame zone and a steady heat flow across any 
cross section between the powder surface and the 

flame. As the pressure iiwreases, the reaction 
zones become narrower and approach more closely 
to the surface, thus increasing the temperature 
gradient, the rate of heat transfer back to the sur­
face, and the overall burning rate. The clark-zone 
reaction probably involves the production of alde­
hydic substances and nitrogen oxide. This reaction 
probably contributes about one-half of the total 
heat and always takes place. The flame reaction 
involves the burning of the aldehydic substances 
and the nitrogen oxide to give carbon monoxide, 
carbon dioxide, water, etc. It always takes place at, 
high pressures but may fail to go at low pressures. 
It is interesting to note that failure of the flame 
reaction is apparently closely connected with the 
irregular burning of propellants in rockets at low 
pressures and low temperatures. Attempts to im­
prove this failing on the part of double-base pro­
pellants have centered around the use of inorganic 
substances to catalyze the flame reaction. This 
theory, although undoubtedly an oversimplification 
of the actual mechanism, is able to account roughly 
for the observed temperature and pressure de­
pendence of the burning rate, and reasonable activa­
tion energies for the various stages can be pos­
tulated. The fundamental mathematical treatment 
developed by Boys and Corner in England is the 
basis of most of the theoretical work. Further 
details of the theory of the burning of powders may 
be found in references lc, 4, 19, 20, and 21. 



Chapter 11 

STRUCTURAL PROBLEMS 

By R. E. Gib1wn 

11.1 INTRODUCTION 

I N ORDE.R TO FULl!'JLL lTS l'URPOSE, l1 solid roeket 
propellant must be formed into a given size a,nd 

shape, must be ~upported adequately ir1. the rocket 
motor, and must possess mechanieal propertie:; good 
enough to withstand the stresses imposed upon it 
under firing conditions and during handling and 
storage. During World War II :dl agencies engaged 
in rocket development expended it considerable 
amount of effort in solving problems connected 
with the design of propellant charges, with the 
methods of making these charges, with the stresses 

SQUIB 

8, NDRC, and the reader is referred to the final 
reports of that Division for details. 

Under the general heading of structural pro blerns 
may be included the following subjects: (l) charge 
design; (2) granulation; (3) physical properties of 
propellants. 

ll.2 CHARGE DESIGN 

The propellant eharge in a rocket may consist of 
one or more 11grains" of powder. The individual 
grains may weigh anything fro1n n fraction of nn 

WITHHOLDING NUT 

NOZZLE CLOSURE 

FIGURE 1. Diagrammatic sketch of rocket burning laminated charge of powder disl,s. 

set up in propellants under working conditions, and 
with the development of propellants whose physical 
properties were adequate to withstand these stresses. 
Both theory and experiment were applied to these 
problems. As n. general result, it may be stated 
that the empirical work gave solutions to the more 
immediate practical problems, but a satisfactory 
theory of the solid state of colloidal propellants is 
still to be written. 

This chapter will deal mainly with work done 
by the laboratories associated with Section H, Divi­
Bion 3, NDRC, and will be concerned with double­
base powders. Much work on the physical proper­
ties of composite propellants was done by Division 

ounce to several hundred pounds. Each grain, 
however, must be so made t.hat its burning surface 
will remain essentially constant during the whole 
burning period. The reasons for this prime require­
ment were brought out in Chapter 10 of this report. 
The number, size, and shape of propellant gra,ins 
to be used in any rocket depend on the performance 
required of the rocket and cannot be discussed in 
any condensed form. In Chapter 13 of this report, 
some of the general principles as they relate to 
existent propellants are delineated. An excellent 
discussion of the problem of designing a propellant 
eharge for a modern high-velocity rocket is given 
in reference 22, where several generalizations of 
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FICUR£ 2. X-tay S>.Jukrk l,holograph of propellant burning in supcrbazooka toeket. l\ote disk JlOwder grains. 
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wide upplication arc made. I.J1 this section we shall 
merely refer t.o " few types o( gra nulations that 
were used and n~Hnc lhe r<~ports in which they Hrc 
dcseri bccl . 

"'here high :u:<·ura<:y of the rocket is nccdedJ it. j$ 

Decessary to guide the projectile un lil ~lw burning 
is finished . This \\'aS founcl to be a rcquil'cment irt 
the hnzooka rockN, tltl<l, iu ord<•r to keep the 

• c-. 

"" ~ 

l:l 1 
~ 

; 
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}"u;utu·~ S. Efre:c.t. oi tkmpenltun : on burning dis­
t-;.-tnce of Sl.lperbazooka rock<:t. 

lnuncher down t,o <-1. eouve'uit>nt- leugth .. :l YCl'Y short 
hul'ning time was essential. 'Thin-web grai n~ Qf 
fa:-:t·hurning powde1-s were used, a.nd, in order to 
ha.ve sufficient powder lo :>upply t,he nc(~cs;;:ary 

momentum, the charge design called for a number 
of singly p(~rforatc~d gl'<l.im;.'-4 

In t.he supcrbazook:t (T- 5U ro<:ket.) \\'hich had a 
highc1· Vl'locity ~md grcn .. tet pu .. )'load tbnn the 

ordinnry b<) zooka 1 an cntircJ.v new lyp(' of (;hal'gc 
was dc~igncd. This (·hfl rge tonsisted of n number of 
dir:.ks of :-:hcrt pow del· h:l viug :1 wt~h of a pproxi matcly 
0.06 i•l. Tlw d iRb \\WC pcrfornt~d futd held il• placn 
by a steel rod p;tssi ng t hrough the: pct·fora tions and 
nndwred at l hc foJ·c end. (S0~ Figun> I.) Adequate 
port :.wen was ]H'O\'idcd by progt<·ssivc n~dud. ion 
or the si z~ of the disk,, tht• s mallest disk being 
llC<ln"::.f lo the noz7.lc. l~igure 2 illustr;,tcs this 
chnrgc . The pho!.vgr:qJhs were ta ken by high-spec,! 
X-n•y photography nml acflt<tlly show various 
stage~ in t.hc burning of the charge . ~ T'hi-;-; ch11 1'gc: 
had a vcr.\' s hort ln11·ning time of the ordel' of 20 
miJliscconds- soshott lndt•Nllha1 CqniJibriutu pres­
~UrC wets IICYCJ' r<'achcd, find bt~nee the eff(H;t of 
temperature on burning tht'IC and rr1.aximum pres­
~ur(~ W1l$' l'Cduced to a very low value . f'igure 3 
s bows !he prac·ticnl advantages of this cha rge by 
illllstr:lting the eO'ed. of tompcn<t<H'C on t he burn.ing 
distance . The curve marked HVRG mfers to the 
t·ockct. using !he t·hargc just described. It \\'ill be 
seen that the bunting cli,f.a ncc of the discharge 
varjp~ V(~ry li t,11c with iempcrn.ture 'vhe11 ('omparcd 
with ot.ber <'x(:ocrimentalrounds and extremely little 
when compared with t.he sland:JI'Il :;\16A3 l'ound . 
l<or fu ller details t h(• l'<'~d<'r is rdcn<'d !o •ho com­
plete t'CpOt·ts .•·• 

T n the l\.1 -8 roekct nnd its modific:\!.ions («e(< 
Figure ·1), !.ho 115-mm aircraft rocket and its 
modi fic~t.lon.s} and the .{.:'>· in. ;;:pi nncr rocket'!':; the 
prop~lhua. f·lwrgcs consisted of a ntnnher of singly 
perfOJ·atctl c~·lintlrit·:t l grnins , a ll the surfa<·cs of 
which weJ'C allowed to burn. The grai l)$ wer(! sup.­
port<!d by wir<'s passing tht·ough r.heir perforation~ 
nnd connected 1ogethf>t· t.o form fl cag<• .. Jikc' trap. B,v 

FIGURE: ·1. Cut~way <li~gr<lm of M- 8 t·oekct showing- a -portion of tbe multigra in propellant charge. 
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cont.rol of powder compositions a wide varia tiou in 
buminp; time may be realized with this typn of 
chnrge even though ~he maximum web thickness is 
not greater than hall an inch. T he case of manu­
facture of this t.yptj of grain and th'' f<lct that., sin<:c 
a number of grain;; are used, sta tisticttl methods 
may be applied in specifications and inspcctJon 
coustilut.e the chief advantages of I his design. The 
disadvanhtges atisc cbiefl~· from tbc problem of 

IGNITER ASSEMBLY 

2 ;J •I 5 i • 

Part Il of this volume.) Oonsidera.ble applicat.ion 
of t.his type of choHp;c was found in rockets used for 
towing or pushing demolition ch:trges, a develop­
ment carded out jointly by Allegany Ballistics 
I.ahonttOry and the Corps of Rngi1tCCI's.11- 1" An 
\~X::"'lmple of a. motor used fot t.owing a detonn.Ling 
cable is shown in l:!gure 5. With a fail'ly slow pow­
der, bmni.ng Limes up t.o 5 se<:onds Jtt:1y be rc;ul il~· 
obtained with t.Jlis type of charge. 

PROPELLANT 

10 II 12 l.l 1 .. , I'?> lG I'/ llt 

Frounc 5. Roekct for towing detonating cable. Note form of )n·opcllant clun·g~ and it.~ support. 

assembling the propeii:H!t d1Mg<j in the round . Th<l 
details of the design and pcl'formance of tbis type of 
propc"llaut charge itrC given in reports dcnUng with 
the weapons in which H. was used.' 'o 

The technique of dcsigninp; propellant charges 
consisting of h'lrg<-' slngl< .. gmins of powder, either 
in the fonn. of singly pel'forated cylinders o1· columns 
of <'rtl<'iform <:ros..'S section, wus developed by the 
British and applied in Uris country very suc<:e,ssfully 
by Section L, Division 3 , at C'a li.fornja Institute of 
T<:chnology whose final reports should he consulted 
for· n complete account of the subject . (See also 

11 .:\ I!'iHIBITED GRAINS 

The possibility of preventing double-base powder 
gntir\s from blll·ning on <:t~rta.in surf~tccs by coating 
Uwse surfflces with an adherent hlyer of noninflam­
mable plu~tic hns gr~atly cxtcnd<•rl th~ p<>~si bilitics 
of propeUant charge design. Cert:lin composit ions 
of ethyl cellulose and of cellulose acetate have been 
f<>un<l !$Ui t ,al>1c~ as inhibiting <iO~ltinb"S; but a brge 
number of othet agents have been examined.l6 ·" 

lt has been found quite fcnsible to rcst.rict burninp; 
of do\Jblc-bas<· powder reli:lbly by t.h<.s" IIW:Hls, but 
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the prohl~m of diffusion of nitroglyc~rin from th~ 
powd~r to th~ coating or of pln•lic·i•~r from the 
c·oali ng to the powder is one whic·h c·nu be soh·cd 
complct.A•ly only">' long-time "'" 'I'C'illanc<· l~sts. Al 
l"'''>cnl ethy l cellulose c·ompo,ilions give least 
troubl<' f1·om this s otii'CC. 

Holid cylindrica l graius C'Oatctl with plnslic ottlhe 
c·~·linclriC'n l '!n·facc and, thcrefort•. ro<tri<'ted to 
buru.ing on the ends have a neutral-burning geom-

a<"lion i~ rhnt w;:ing a sin~h~ grain. hurnin$!; only .in 
the J)(•rfurntion nnd on the cntl aclj:u'<'nt to the 
nor-zit". Thi~ t·hargc• pos~c~..;:c:-. '-l l!t'C":ll i\clv:tntA.ge iu 
that thC' powdN· itself iusulatc•s th~ walls of the 
t•hmub<•l' from t.hc action of th<! hol ~~i~f·s :mel pcl'­
mit< t he uR~ of light. alloys in t ht' [nlwicntion of the 
bocly uf ( he• rocket motor. It un·!'r. till' mo•t Jli'Olll· 

i•ins: po«ibilit ic•s for c\c,•elopin)! high-\'c•lcwily a rt il­
lery J'f)ekNs poosibilitie< whic·h WNC rc:tlizcd in the 

SPACER TRIIP-'"\ RESTRICTED DOUBLE BA~>Ec7 COMPENSATOR 
POWDER 

CA\LE 

/£() )LGN~E: ASSEMBLY ~ N0. 24717 

F'uiUH£ G. PhQtOI{r·~'J>h or disn-;s<:mblc:d .JATO uni t ~howing rnopclla:nl c·ha rge nnd ~uppo•·t . 

etry :uul give charges of ,·~r>· loug burning time. 
Thi& type of charge was im•estil!atcd l'xtl'ush·~ly nt 
Allc~t:llly Ballistics Labomtory <foll<m;nl! the le-ad 
of tbe British workers) in conlle<·linu with the dcYcl­
opmcnt of,, JATO unit and of o device for pressur­
izin!( :t c)uc•-shot poJ'tahk llau1~ tlu·owrr. The rcndc•· 
is rdcrrcd lo t he origina l t'e)lOI't s for dc•tai l•,""'' 
huL Figu:·o G gives :1 g<·•wra l iclcu of t he type of 
•·cslrich•d burning grains used fu:· Ow propell:mt 
r lmrgc in the .JATO. 

Auolllcr important lyve of r<><'kct propellant 
ehnrjlc that depends on rcotriction of burning for it,; 

sc:olc nuult•l of the \'icar. :l rock<•! which carried a 
u:seful p;~ylond at a ,·rlooit~· exceeding 2,600 fp.-."' 

In thi!'> t·hnr~e. the outer ~urf:u-~ nncl the iore end 
o{ the l(r:till :li'C coatecl with pln,tic :uul made to fit 
~nuJ,Cly in the )·ocket, motor. ~<'t1trn l burning i.:; 
~u.·hjcvNI hy mn ldng t he ])l?J'furalion ~t:u·~.~h1'pcd in 
<'I'OH!'\ bOd.iOI) so that its pcrimch·r ix equal t~.) t.ht.~ 
oul• id!' pc• :·im~tc•· of the cylindr •·· ~u<·h 11 charge is 
illusll'atc<l in Figure 7 nnd i t~ dcvclopmeut . • mrl 
1wrformonre nrc described in rl'fr:·c•wc• 22 and 23. 
Durin!( I 9-Hi nncl 19-1 i' A llcj!any Bnllisll" J,,.boro­
lor>· dc,·ciOJlNI this charge to nn n<lvancccl stage in 
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the "Deacon Rocket," which carries approximately 
100 Jb of propellant, 50 lb of payload, and .50 lb of 
deadlo~1d, and attains a velocity exceeding 
4,000 fps. 

SCALE IN INCHES 

0 4 

FIGURE 7. Diagram of internal-burning charge 
showing star-shaped perforation. 

IV:t GRANULATION 

Under this heading come all the problems con­
cerned with the preparatim1 of reliable grains of 
propellant in the proper shapes, sizes, and types to 
meet the requirements imposed by the applications. 

The general methods used in granulating double­
base powder are outlined in Chapter 13. Hero we 
shall merely refer to one or two outstanding problems 
associated with each method. 

In preparing grainR by solvent extrusion, control 
of dimensions and the prevention of warping on 
drying were difficult problems. They were solved 
largely by the efforts of the st<lff of the Hercules 
Po·w·der Company at Radford Ordnance Works, 
and the reader is referred to reports from this 
organization" for a. complete account of the work. 
Fissures appearing in the grains after extrusion also 
gave difficulty and were never entirely overcome­
the use of carbon dioxide to replace air in the presses 
was suggested by the University of Wisconsin group 
and gave considerable promise. The greater solu-

" To the Ordnance Department. 

bility of carbon dioxide in acetone was the basis of 
this proposal.21 

A considerable amount of work was expended on 
a study of the "dry" extrusion of solventless 
powder. Since the development t'\,nd manufacturing 
phases of this subject were thoroughly studied b else­
where/'' most attention was given to experimental 
work, die design, studies of flow of plastic through 
dies, effect of composition on the extrudability of 
powder, influence of pressure, temperature, and 
rate of extrusion on the finished product. These 
studies were closely linked with examination of the 
product under ballistic eonditions. 20 

In connection with the developments outlined 
in the previous section, extensive studies were made 
of methods of restricting the burning surface of 
propellant grains. This work was based on the 
very important developments ma.de by the British 
workers and indeed was chiefly aimed at ada.pting 
their methods to powders, plastics, and adhesives 
available in this eountry. Several satisfactory 
methods of restricting powders were developed, and 
extensive studies were made of the effect of stress set 
up by temperature changes and by shock during 
handling, transportation, and firing conditions. 
This wotk has continued at Allegany Ballistics 
J.,aboratory under the Hercules Powder Company 
and has been extended and improved. Deta,ils of 
the status at the end of 1945 are to be found in 
reference 16. 

A very significant advance in granulation tech­
nique was made by Division 8, NDRC, in the 
development of double-base powder which could be 
cast in a fluid state and set up to rigid grains of good 
mechanical properties by storage under proper tem­
perature conditions. Details of this work can be 
found by reference to the Surnmary Technical 
Report of Division 8. 

lu> PHYSICAL PROPERTIES OF 
ROCKET PROI=-ELLANTS 

Under firing conditions a propellant grain is sup­
ported by a suitable trap ~md is acted on by forces 
due to setback, differential pressure, and igniter 
shock. The stresses set up are complicated, and the 
definition of those properties whose quantitative 
expression indicates the ability of a grain to stand 
the stresses is even more complicated. Some work 

b See Chapter 7. 
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was done on the quantitative determination of the 
stresses set up in propellant grains under firing con­
ditions,27 but it is empha,sized tha,t n great deal of 
experimental work is still needed in this field. In 
parallel, studies were ma.de of the eh'Lst,ic properties 
of double-base propellants, such as Young's 
modulus and the coefficient of thermal expansion, 
and of the resistance of the powders themselves to 
stresses applied in different ways and at different 
rates with the intention of producing mechanical 
rupture. Several pieces of apparatus were devised 
especially to carry out these experiments, partic­
ularly to duplicate the rates of application of load 
presumed to exist in actual rockets. Compressive 
strength, impact values, tensile strength, resistance 
to indentation were among the qualities measured. 
The results arc not susceptible of generalization in a 

condensed form, and the reader is referred to the 
original reports for the results. 28 

A very important method of determining the 
ability of a powder to withstand the stresses set up 
under firing conditions is a comparison of the pres­
sure-time curves obtained under static and flight 
conditions. By careful measurements of the velocity 
of a rocket during burning it is possible to calculate 
an acceleration-time curve and with the help of 
auxiliary data to convert this into a pressure-time 
curve. If any discrepancies between the static and 
the f!ight-pressure~time curves are noted, it is well 
to examine carefully the physical properties of the 
propellant and the nature of its support in the 
motor, since trouble that might develop to serious 
proportions is indicated long before it shows itself 
by disastrous effects. 8 • ~ 



Chapter 12 

INTERIOR BALLISTICS PROBLEMS 

By F. T. McClure 

12.1 SIMPLE BALLISTICS 

J\S POINTED OUT IN CHAPTER 10, the burning law 
n for most propellants can be represented, to a 
first approximation, in the form a 

r = cP", (1) 

where c is a constant characteristic of the propel­
lant and initial charge temperature, and n is a con­
stant characteristic of the propellant}' Detailed 
discussions of the experimental studies of the burn­
ing laws for powders are available in references 
1, 2, 3, and 4. 

With this form of the burning law, simple con­
siderations of the balance of gas production and 
dischr.trgc lead to the expression 

P = Sc~u) , 
[ ]

1/(1 n) 

AtC)) 
(2) 

for the equilibrium operating pressure of the rocket 
motor. In this equation, S is the powder surface 
area, c and n are the constants of the burning law, 
At is the throat area of the nozzle, CD is the dis­
charge coefficient of the gas, pis the density of the 
powder, and Pu is the density of the gas in the 
motor chamber (usually quite small compared to p). 

The significance of equation (2) as an illustration 
of the influence of large values of n in magnifying 
the effects on P of small changes in S or c is dis­
cussed in Chapter 10. 

Although equations (1) and (2) represent satis­
factory approximations in the case of motors which 
have relatively large cross-sectional areas free of 
powder, they neglect effects which become progres­
sively more important as cross-sectional area of the 
motor chamber is more completely filled with pow­
der. Thus, in the design of modern, lightweight, 
high-performance rocket motors, more detailed 
knowledge of the burning law and equilibrium pres­
sure law is necessary in order to include the im-

• Sec Section 5.:3.3 for another form of this equation. 
b The use of the symbol n in this chapter as the exponent of 

the burnirig law must not be confused with its use in Chapter 9 
as the inverse of the molecular weight of the gas. 
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portant influence of the so-called "throat-to-port 
ratio." The throat-to-port ratio, At/ Ap, is the ratio 
of throat area to the cross-sectional area of the free 
space in that part of the motor which contains the 
propellant powder (i .c., the so-called "port area"). 

Ill.ll INFLUENCE OF THROAT-TO· 
PORT RATIO ON THE 

DISCHARGE COEFFlCIENT 

Theoretical consideration of the flow of gas in the 
channels along the sides of the propellant grains 
leads to the conclusion that the discharge coefficient 
will have a small dependence on the throat-to-port 
ratio because of the pressure drop and associated 
gas velocity in the propellant channels. Detailed 
analysis is carried out in Appendix 6 of reference 5, 
leading to the conclusion that the effect may be 
represented with reasonable accuracy by an equa­
tion of the form 

where CD' is the effective discharge coefficient, Cn 
is the ideal theoretical discharge coefficient, and ¢ 
is a weak function of the 'Y " of the gas, running from 
0.21 at 'Y 1.2 to about 0.23 at 'Y 1.4. 

12·3 INFLUENCE OF THE THROAT-TO· 
PORT RATIO ON THE BURNING LAW 

12.3-l Pressure Drop 

The pressure drop along the propellant channel 
results in a "space average" pressure which is 
slightly less than the head end pressure in the 
motor. The space average burning rate correspond­
ing to this space average pressure determines the 
rate of gas production in the motor. Correction of 
the burning law for this "pressure drop" effect 6 •7 

leads to a burning h>w of the form 

r = cPo"[l - j¢(At/ A 1Yr, (4) 

• Defined in Section 9.2. 
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where r is the space average burning rate, and Po is 
the head end pressure, and the other symbols have 
their previous significance. 

12.3.2 Erosive Burningd 

There is still another effect of the flow in the pro­
pellant channel which is more important than those 
mentioned above. The rate of burning of the pro­
pellant depends on the velocity as well as the pres­
sure of the gases flowing over its surface. Higher 
velocities produce higher rates of burning. This is 
made strikingly clear by the observed utapering 
down to the rear" of partially burned grains, in 
direc·t contradiction to the effect to be expected if 
pressure alone were the sole determining factor in 
the burning law. A relatively complete and detailed 
experimental study of this problem of erosive burn­
ing is presented in reference 6, leading to the clear 
conclusion that the basic burning law is much better 
represented by the form 

r = cP"(1 + kv) (5) 

than by equation (1). In equation (5) v is the 
velocity of the gas, and k is the so-called uerosion 
constant." The constant k must be determined 
experimentally for the propellant, and reference 6 
discusses the methods of accomplishing this encl. 

Again, in ballistic calculations the space average 
burning rate is the quantity of importance, and 
this can be expressed 0 ·7 in the form 

r = cPo"[1-i¢(A.t/A.p)2t[1 + 0.5k2 (A.t/A.p)], (6) 

where k2, the ''erosion constant in terms of throat­
to-port ratio," can be calculated from the erosion 
constant, k, and the thermodynamic properties of 
the propellant gas. 

12.4 BALUSTIC EQUATION INCLUDING 
THE THROAT-TO-PORT RATIO 

When the throat-to-port effects discussed in the 
previous sc~ctions are included in the calculation of 
equilibrium pressures, the equation 

d Sec also Section 5.3.2. 

is obtained for the equilibrium pressure at the head 
end of the rocket motor. This equation is discussed 
briefly in reference 6 and in more detail, especially 
with respect to rocket design, in reference 7. The 
experimental design work described in reference 8 
verifies the essential correctness of equation (7) 
and establishes it as a basic equation in the design 
of solid fuel rocket motors. Current reports from the 
Allegany Ballistics Lttboratory (now operated by 
the Hercules Powder Company under contract 
with the Navy) lend ample support to this claim. 

Equation (7) clearly demonstrates the influence 
of the throat-to-port. ratio on the pressure obtained 
in a rocket. Since the port opens up as the powder 
burns away, this throat-to-port effect decreases 
with time (largely due to the decrease in erosive 
burning). The effect is thus a regressive one, and to 
obtain constant pressure operation (necessary for 
light-walled motors) it is necessary to design the 
grain with a progressive .surface to counterbalance 
the throat-to-port effect. 'l'he importance of 
equation (7) in determining the desired surface pro­
gression is obvious. It is also clear that, in order to 
have adequate information on which to design 
modern solid fuel rockets, it is necessary to know 
the tMee burning law constants, c, n, and k, as well 
as the thermodynamic properties of the powder gas. 

Although equation (7) takes account of the most 
important factors which influence the equilibrium 
pressure of a rocket motor, there are other factors 
which may produce marked effects under more 
specialized conditions. Two of these factors are 
discussed briefly in Sections 12.5 and 12.6. 

RADIATION 

The radiation from the hot powder gases also 
affects the burning rate of the powder, and under 
special conditions may produce extremely large 
effects. The general problem of radiation in the 
rocket chamber and its influence on the burning 
of the powder is discussed in some detail in 
references 9 and 10. 

Although qualitative and sometimes semiquanti­
tative treatment of special radiH,tion effects (such as 
fissuring, end pressure peaks, and influences of wide 
gas channels and metal walls on burning ra.te) have 
been possible, complete integration of the radiation 
phenomenon into the ballistics system has not yet 
been, as far as the author knows, successfully accom-
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plished. Present knowledge, however, indicates u.s 
that such integration is possible if the time and labor 

HEAT TRANSFER TO THE 
MOTOR WALLS 

are made available to do the job. 

12.6 RESONANCE EFFECT 

An unusual effect, not yet completely explained, 
is the so-called "resonance effect.'' This phenom­
enon results in the appearance of gre~ttly increased 
pressures part way along in the burning. These 
peak pressures frequently last for only a short 
period, and then the pressure drops again to the 
normal equilibrium value and the burning process 
continues as though nothing unusual hnd happened. 
The resonance phenomenon is a,pparently highly 
specific with respect to powder and motor geometry 
and also operating conditions. Although the phe­
nomenon can generally be prevented by "breaking 
up" the geometry (such as by putting a metal rod 
down the perforation of a grain), there appears to 
be no way as yet of predicting whether or not a 
given motor design will display the phenomenon. 
This would appear to be a realm in which con­
siderable advance in knowledge is highly des1:rable. 

12.7 DRAG OF THE GAS STREAM ON 
THE PROPELLANT 

Two f[tctors contributing to the forces tending to 
cause mechanical failure of the propellant in a 
rocket motor are the acceleration forces, and the 
drag of the flowing gases on the propellant charge. 
The former is easily calculated, but the latter is 
more involved. 

Reference 11 provides a simple theory of the drag 
of the gases on the charge and a limited experi­
mental verification of proposed formulas, which give 
the drag as a function of the cross-sectional area of 
the charge Hnd the throat-to-port ratio. li'urther 
experimental study of these and other forces on the 
propellant charge are of definite interest to the 
future design of solid fuel rockets. 

The problem of the heat transfer from the hot 
gases to the motor walls is important because of the 
consequences in reducing the strength of the metal. 

Reference 12 contains a theoretical discu8sion of 
the heat transfer problem, and reference 13 con­
siders some of the experimental problems associated 
with making significant mcasmcments. (See also 
Part II and Chapter 23 of this volume.) 

12.9 NONSTEADY-STATE ROCKETS 

The ballistic laws discussed in the earlier seetions 
of this chapter apply to rockets which operate under 
equilibrium conditions. In very special cases, it 
may be advantageous to operate a rocket motor in 
which the pressure is limited only by the complete 
consumption of the propellant. Design of charges 
for this sort of application is discussed in Section 
11.2 hereof. Such motors, ho>vever, appear to have 
a very limited application. Their ballistics and the 
design of such a motor are discussed in detail in 
reference 14. 

12.10 SPECIFICATIONS AND 
TESTING OF PROPELLANTS 

The problem of down specifications and 
control testing procedures which will assure that a 
mass-produced propellant will behave as intended 
is a difficult one. It can only be approached from 
the standpoint of a basic knowledge of rocket bal­
listics. This approach was explored during World 
War II, and considerable success was achieved in 
formuh1.ting rational specifications based on scien­
tific knowledge. Hefercnce 15 discusses this prob­
lem in considerable detail, using as specific examples 
powders which were standardized during World 
War II. 



Chapter 13 

PROPERTIES OF ROCKET PROPELLANTS AVAILABLE OR DEVELOPED 
DURING WORLD WAR II 

By R. E. Gibson 

13.1 INTRODUCTION 

I N THIS CHAPTER we shnJl give a description of 
the properties of propellants which were either 

available or developed between 1940 and 1945. In 
order to make the chapter ns self-contained as 
possible, we shall first gather together the definitions 
of quantities significant in the use of rocket pro­
pellants, then discuss the various classes of propel­
lants in terms of these quantities, and, in the case 
of each class, present a table summarizing the com­
positions of representative members. In discussing 
the properties of these various powders, an nttempt 
is made to bring out considerations which are of 
significance in the design of new rockets. The 
chapter ends with a short section suggesting lines 
along which research and development work in the 
field of rocket propellants ma.y proceed in the future. 
The substance of this chapter appears as part of 
one of the Allegany Ballistics Laboratory final re­
portsJ The report was originally written by the 
author as the technicnl section of a final report from 
the Rocket Propellant Panel to the Joint Committee 
on New Weapons and Equipment. It, therefore, 
includes the work of a large number of agencies 
and is wider in scope than the preceding chapters. 

13.2 SIGNIF1CANT CHARACTERISTICS OF 
SOLID ROCKET PROPELLANTS 

13.2.1 Specific Impulse and 
Effective Gas Velocity 

The thrust imparted to a rocket when unit mass 
of powder gas is discharged per second" is a quan­
tity which is of great interest in rocket design and 
which depends primarily on the thermodynamics 
of the propellant gas, as modified slightly by heat 
losses, and secondarily on the expansion ratio of the 

• The mass of gas discharged per second is equal to the 
mass of powdm· burned per second when a steady state is 
reached in the rocket. 

rocket nozzle. In ordinary units it may be ex­
pressed as [lb(force) X seconds] per [lb(mass)] and 
is called the speeifie impulse. It will be seen that 
the specific impulse multiplied by the mass of pow.: 
cler burned gives the total impulse, that is to say, 
the momentum, given to the rocket. If the thrust 
imparted to the rocket per unit mass of powder dis­
charged per second is expressed in common velocit.y 
units by converting lb(forcc) to lb(mass), it is 
called the "effective gas velocity" of the propellant. 
In ordinary units effective gas velocity = 32.2 X 

specific impulse (32.2 being the acceleration of 
gravity). 

One of the problems in the development of rocket 
propellant is the search for propellants of greater 
specific impulse, since, it v;rill be noted, the velocity 
increase of a jet-propelled device of given weight 
and carrying a given weight of propellant is almost 
directly proportional to the specific impulse of the 

·propellant. 

13.2.2 Burning Time 

The total momentum (mass X velocity) given to 
a rocket device may be conveniently regarded as 
the product of the thrust multiplied by the time the 
thrust is applied (more rigorously, the integral of 
the thrust multiplied by the time). The accelera­
tions and the mass of gas discharged per second, a 
measure of the blnst of the jet, are both propor­
tionnl to the thrust, and either may impose upper 
limits on the allowable value of the thrust. The 
time of application of the thrust, i.e., the burning 
time of the propellant, is, therefore, an important 
engineering variable. The burning time of a rocket 
propelbnt charge depends on two quantities: (1) the 
linear burning rate of the propellant and (2) the 
distance the burning surface must move as the flame 
consumes the propellant. This latter is commonly 
referred to in terms of the web thickness of the 
powder grains. 

The linear burning rate of a propellant depends 
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primarily on its composition, its temperature, and 
the pressure of the gas over it, and secondarily on 
the radiation falling on it and the rate of gas flow 
over its surface. It has been discussed fully in 
Chapter 10 of this volume. 

13.2.3 Web Thickness 

This introduces the problem of the geometry of 
propellant charges. The "web thickness" is a term 
used ·to describe the minimum distance through 
solid powder between two exposed or uninhibited 
surfaces. Since burning place on all exposed 
surfaces, it will be seen that the burning distance is 
usually one-half the web thiclmess. Since the rate 
of gas production of the propellant is proportional 
to the burning area (other things being equal), it is 
important that this area be kept constant within 
narrow limits, which become narrower as the pres­
sure exponent of the powder rises. All rocket pro­
pellant charge design is based on the law of burning 
in parallel layers, which enables one to calculate the 
area of the burning surface of a grain at any time 
during its combustion. This law must be obeyed by 
any rocket propellant. Cracks, flaws, or porosity, 
therefore, cannot be tolerated. The problem of 
grain design is soluble in all cases only if powders 
with a wide range of linear burning nttes are at 
hand. The problem of propellant charge design is to 
arrange the geometry of the fuel in such a way that the 
burning surface remains essentially constant .durmg 
the complete reaction, and is large enough to produce 
the required thrust, while the rninim'urn distance the 
flame must travel is of the proper length to give the 
desired burning t?:me. This 1ninimum distance is 
closely related to the "web thickness" of the pow­
der, being equal to it or some submultiple of it. 

13.2.4 Granulation 

The main characteristic which differentiates rock~ 
et pl'opellants from gun propellants is the size and 
shape of the individual powder grains. Gun pro­
pellant grains· seldom weigh more than a few 
ounces, whereas r.ocket propellant grains may weigh 
upwards of 100 lb. Although they may be made in a 
variety of shapes, rocket propellant grains all have 
one characteristic in common: the shape must be 
such as to give approximately neutral burning. One 

of the chief problems in making a rocket propellant 
is that of granulation or forming the propellant into 
the desired size and shape of grain.b 

13.2.5 Overall Specific Impulse 

The specific impulse, as we have seen, is equal to 
the total impulse given to the rocket divided by 
the mass of propellant burned. A quantity of con­
siderable use in evaluating jet motors is the "overall 
specific impulse" or "impulse-weight ratio" which is 
defined as the total impulse divided by the total 
weight of motor metal parts plus powder. Since the 
metal parts of a rocket motor are generally ~\ dead 
load, the overall specific impulse is a measure of the 
efficiency of the design of the whole unit, and the 
augmentation of this quantity is an important ob­
jective in present and future rocket work. It will be 
recognized that at least half of the work necessary 
to attain this objective involves the development of 
lighter metal parts and is beyond the scope of this 
report. However, the other half presents the fol­
lowing problems which must be solved by the 
developers of propellants. 

BuRNING AT Low PREssuREs 

The weight of the motor increases approximately 
in direct proportion to the internal pressure it must 
stand, whereas the specific impulse increases much 
less rapidly with pressure. There is, therefore, a 
distinct weight advantage to be gained by reducing 
the reaction pressure to a point where engineering 
considerations other than the bursting pressure 
become important factors in motor design. This 
requires a propellant charge whose chemical com­
position and geometry is such that it burns regularly 
at low pressures and has a low temperature coeffi­
cient! A low value of the pressure exponentd of the 
propellant is advantageous on both these counts. 

HIGH SPECU'IC IMPULSE 

It is hardly necessary to call attention to the fact 
that a high specific impulse of the propellant is 
needed to get the highest overall specific impulse 
of the rocket motor. 

b This subject is covered in Section 13.3.5 and in Chapter 7. 
'See Section 10.8.2. 
d This exponent is n in equation (2) of Section 10.2. 

~ . - - -
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DENSITY OF LOADING 

It is obvious that the overall specific impulse of a 
given propellant and motor combination will in­
crease as the amount of propellant per unit volume 
of motor increases, i.e., as the density of loading 
increases, and indeed will reach a maximum when 
the motor chamber is completely filled with powder. 
Limitations on the density of loading are caused 
primarily by the need for a large enough burning 
surface to produce the required thrust and by the 
necessity of providing sufficient port area for the 
gases to travel from one end of the rocket motor to 
another. By all odds the most effective way of 
obtaining a high loading density is to use a cylin­
drical grain which fills the motor completely and 
burns from one end only. This type of charge 
utilizes all the available space and leaves the whole 
eross section area available for gas flow. Its use is 
limited by the fact that all known propellants have 
too small a linear burning rate to give a large enough 
thrust or short enough burning time in vessels of 
suitable shape. 

THEHMAL INSULA'l'ION OF RocKET Mo'l'OHS 

The temperatures of all propellant gases are of 
necessity very high, and, when the burning times 
exceed half a second, suffieient heat is transferred 
to the metal parts to reduee their strength eonsider­
ably. This raises the dead weight of metal needed 
for safe and reliftble performance. Two methods of 
insulating the walls have been tried: the first con­
sists of applying an insulating coating, usually a 
ceramic, to the interior walls of the ehamber and 
has not been very suceessful; the second eonsists of 
using the propellant itself as an insulator, and this 
shows great promise. In such a loading arrangement 
the propellant is formed as a perforated thick-walled 
cylinder which fits tightly into thl~ motor. The 
outer cylindrical surface and the fore end are 
treated in sueh a way as to inhibit burning on these 
surfaces. The combustion takes plaee in the per­
foration, and the hot gases impinge on only a small 
portion of the walls near the nozzle. Constancy of 
burning surface is obtained by forming the contour 
of the perforation into a star shape of proper size. 
(See Clutpter 11.) This type of rocket offers the best 
promise for high loading density combined with 
light motor weight. The propellant problems pre­
sented are the granulation of powder into large 

perforated cylinders with thick walls and the re­
striction of the cylindrical surfaces. 

Rate Control, .a New Principle 

Hitherto the rate of evolution of gas by a rocket 
propellant has been governed by the linear burning 
rate under the conditions in the chamber, because, 
by design, the burning surface itself is kept con­
stant. In 1945 a new prineiple was explored 
by Division 8, NDRC, whereby the burning surface 
may aetually change in area during the combustion 
and thereby the rate of gas evolution is made less 
dependent on the linear burning rate of the mass of 
powder. This has been aeeornplished by embedding 
in a matrix of the double-base powder strands of 
special powders chosen because of their low tem­
perature coefficient and low pressure exponent. The 
linear burning rate of these strands determines the 
rate of evolution of gas by the whole mass." 

13.2.7 Gas Temperature 

For the same expansion ratio.and chamber pres­
sure, the specific impulse of a propellant is .roughly 
proportional to the square root of the number of 
moles of gas per pound and to the square root of the 
absolute temperature. High specific impulses are, 
therefore, generally accompanied by high gas tem­
peratures. These are frequently undesirable, espe­
cially in long-burning rockets, because of the erosive 
effect on the nozzle. By changing the chemical 
composition, it is theoretically possible to produee a 
propellant with a high speeifie impulse and a fairly 
low gas temperature. Very little progress has been 
made along these lines up to date, but the problem 
is one of the important ones for the future. 

13.2.8 Chemical Stability 

A rocket propellant must conform to all the spe­
cifications required of a gun propellant in regard 
to stability under elimatic, storage, and extreme 
conditions of use. The specifications, and tests 
to ensure conformity with them,· are now well 
established. 

"See Division 8 Summary Technical Report for further 
information on this technique. 
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]3.2.9 Sensitivity 

It is desirable to reduce the sensitivity of rocket 
propellants to impact, shock from small-arms bul­
lets, etc., to a minimum. _At present there is prac­
tically no rocket propellant which is not ignited by 
rifle fire. 

13.2.10 Mechanical Properties 

The propellant in a jet-operated motor is subject 
to a variety of stresses during its use. These stresses 
come from differential gas pressure in the motor 
itself and from setback forces arising from accelera­
tion or from shock during handling. Rates of 
applications of these stresses are, in general, quite 
high, and it is essential that measurements made in 
the laboratory to test the physical properties of 
rocket propellants should be made with comparable 
loading schedules. Although a considerable amount 
of work has been done on the measurement of 
physical properties of rocket propellants, it has not 
yet been established what are the really significant 
measurements to be made. It see1ns, however, that 
Young's modulus, the impact resistance, plastic 
flow, and failures in tension and compression all give 
results of practical significance if measured over an 
appropriate range of loading rates. 

13.3 DOUBLE-BASE POWDERS 

13.3.1 General Description 

The name "double-base powder" was originally 
given to colloidal propellants containing two bases 
or materials capable of self-combustion, namely, 
nitrocellulose and nitroglycerin. It has been ex­
tended to include all propellants made with nitro­
cellulose and one or more explosive plasticizers such 
as nitroglycerin, diethylene glycol dinitrate, and 
DINA.t In addition to nitrocellulose and the ex­
plosive plasticizer, these propellants usually contain 
a stabilizer such as centralite and auxiliary plas­
ticizers such as centralite, phthalate esters, triac­
etin, dinitrotoluene, and other compounds of this 
nature which also act as cooling agents. In order to 
suppress flash and to obtain smoothness of burning 

1 Diethanolnitramine dinitrate. 

at low temperatures, it has been found desirable to 
add 1 or 2 per cent of a potassium salt to double­
base powders. By adjusting the amounts of nitto­
cellulose, the physical properties of the colloid may 
be varied over a wide range of toughness and plas­
ticity, and by varying the amount of explosive 
plasticizer and coolants the flame temperature and 
the burning rate may also be given wide variations. 
Several double-base compositions arc shown in 
Tables 1, 2, and 3. 

13.3.2 Thermodynamic Properties 

The densities of most double-base powders are 
approximately 1.6 grams per cu ern, that is, ~tbout 
0.058lb per cu in. The isobaric adiabatic flame tem­
peratures vary from 2400 to 3200 K. The specific 
impulses vary from 23.5lb-sec per lb for the powders 
containing approximately 40 per cent nitroglycerin 
and 2 or 3 per cent of cooling agent, to 190 for 
powders containing 20 per cent nitroglycerin and 
approximately 20 per cent of cooling agent. The 
number of moles of gas per gram is about 0.040. 

13.3.3 Burning Properties 

At room temperature (70 F) the linear rates of 
burning of double-base powders vary between 0.4 
and 1.2 ips at 2,000-psi pressure. These figures 
correspond to rates of gas evolution of 0.024 and 
0.071 lb-sec per sq in. of burning surface under 
these conditions. It is a general rule that the hotter 
the powders, i.e., the higher the adiabatic flame 
temperature, the higher the burning rates. It is of 
interest to note that at 2,000-psi chamber pressure 
1 sq in. of burning surface gives a thrust of 4.5 lb 
force with the cooler powder and 16.3 lb force with 
the hotter in motors of appropriate design. 

Until recently the pressure exponents (see Chap­
ter 9) of all known double-base powders were 
undesirably high, being between 0. 7 and 0.8. This 
caused irregularity of burning, forced a reduction in 
loading density, and accentuated the temperature 
coefficient of the chamber pressure and thrust. 
Indeed for a fixed rocket geometry the pressure 
and thrust increased approximately 0.8 per ce'llt 
per degree Fahrenheit. Rather severe practical 
limitations to the use of double-base powder 
rockets arose from this. Indeed for a long time 
double-base powder was ruled out from con-
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:sideration in connection with JATO units on this 
account. Recently several double-base composi­
tions hfLVe been discovered whose pressure expon­
ents in the range 800 to 2,000 psi are 0.5 or less. 
When these propellants are used, the pressure and 
thrust of a rocket motor change only 0.2 to 0.3 per 
cent (and even as low as 0.05) per degree Fahrenheit 
over the temperature range -40 to 140 F. One of 
these powders is particularly adaptable to use at 
1 ,000-psi pressure. Unfortunately all are cool pow­
ders and have relatively low burning rates. The 
reason for the low pressure exponent of these double­
base powders is not yet completely understood, but 
1945 experi!llents on a captured Japanese powder 
give a clue which should certainly be followed. 

l3.3A Mechanical Properties 

If properly made, double-base powders can be 
obtained as tough, nonporous, homogeneous colloids 
which obey perfectly the law of burning in parallel 
layers. The mechanical strength and elastic prop­
erties such as Young's lllOdulus rise rapidly with 
the nitrocellulose content. It should be noted that 
double-base powders colloided ·with the aid of an 
active solvent are much stronger and tougher than 
those made by rolling and dry extrusion. In general, 
the mechanical and elastic properties of the better 
developed double-base powders are adequate at 70 

F to stand the stress set up during the projection of 
a rocket. At high temperature, i.e., above 100 F, 
experience has shown that these propellants flow too 
easily and have too low a value of Young's modulus 
to be satisfactory. Furthermore, at low temperature 
their impact strength falls off so rapidly that powder 
breakup from brittle fracture occurs during the 
launching of many rockets. These defects have been 
studied, but, although promising clues have been 
found, a considerable amount of research work is 
necessary to put this aspect of the subject on a 
sound theoretical and practical basis. 

13.3.5 Granulation 

Double-base powder may be made in grains suit­
able for use in rockets by four different processes, 
ench of which has its own advantages and limita­
tions. These are (1) solvent extrusion, (2) solvent­
less extrusion, (3) casting, (4) pressure molding. 

SoLvENT Exn-~.usiON 

In this process an active volatile solvent is added 
to the nitrocellulose-nitroglycerin mixture, and the 
whole is stirred in an incorporator. The solvent 
swells the nitrocellulose and permits colloiding, i.e., 
breakdown of the fibrous structure, with a small 
amount of mechanical work. The soft paste or 

TABLE 1. Nominal compositions of standard double-base powders. 

.JPT JPT T-2 %-in . JPN Cordite Cordite Cordite 
Ingredient M13 (H-4) Stick S.C. SU/K R.S. 

Nitrocellose 58.80 57.30 58.00 58.25 51.50 50.00 50.00 57.00 
Per cent nitra.tiou 13.25 13.25 13.15 13.2.'5 13.25 12.20 12.20 12.20 
Source* WP or CL WP or CL WP or CL WP or CL CL WP WP WP 
Kitroglycerin 40.00 40.00 30.00 41.00 43.00 41.00 41.00 28.00 
2-4 Dinitrotoluene 2.5 11.00 
Ethyl centralite 1.00 1.00 to 3.00 8.00 1.00 9.00 9.00 4.00 
Diphenylarnine 0.2 0.75 
Diethylphthala.te 3.25 
Potassiwn sulfate 1.60 1.5 1.25t 
Potassium cryolite (added) 2.25 
Carbon black (added) 0.05 0.02 0.2 
Methyl cellulose (added) 0.1 
Candelil.la wax (added) 0.075 
Lead stearate (added) 0.015 

Heat of explosion (water liquid 
basis) cal per gram l300 930 1316 1230 960 955 900 

* lVP = wood pulp. t Not included in heat of el<plosion calculations. 
CL = cotton linters. 
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dough so formed is extruded through dies of the 
proper size and shape and cut to length. The 
solvent is removed by drying at elevated tem­
peratures in forced-air-dry houses. Powder granu­
lated by this method is tougher and harder than 
powder of the same composition granulated by other 
methods. It is, therefore, indicated in cases where 
high accelerations are needed, because its fibrous 
structure helps resist fracture by the setback forces. 
The action of the solvent in reducing the explosive 
power and sensitivity of the paste reduces hazards 
of manufa,cture. The chief disadvantage of solvent­
extruded powder is the severe limitation on the web 
thickness imposed by the necessity of removing the 
solvent. It is not feasible to produce this powder 
with web thicker than half an inch because of the 
very long drying time and the production of craeks 
during slninkage, attendant on the solvent removal. 
Furthermore, exact control of shape and dimen­
sions in very difficult in solvent extrusion. 

TABLJ'J 2. Nominal compositions of promising experi­
mental double-base powders. 

H-5 1 G l17B JPH 

Nitrocellulose 58.00 58.50 50.00 54.50 
Per cent nitration 13.25 13.20 13.25 12.60 
Source WP WP WP CL 

Nitroglycerin 20.00 22.50 30.00 43.00 
Di:uitrotoluene 2.50 2.50 14.50 
Ethyl centralite 8.00 8.00 4.00 1.00 
Triacetin 10.00 8.50 
Potassium sulfate 1.50 1..50 1.50 
Carbon black (added) 0.02 0.10 
Lead stearate (added) 0.40 0.40 0.40 

632 699 940 1252 

SoLVENTLESS EX'l'l'l.USION!: 

In this process the nitrocellulose-nitroglycerin 
mixture is colloided by severe mechanical working 
on heated rolls without the action of a solvent. The 
resulting sheet powder is extruded hot (110 to 170 F) 
through appropriate dies, ::mnealed, and is then 
ready for use. In this process the web thickness is 
limited only by the sizes of press available. At 
present, with the 18-in. press at Inyokern, powder 
grains with cross section areas equivalent to a circle 
9 in. in diameter can be successfully extruded with 

g See Chapter 7. 

webs 3 in. or larger. Exact control of shape and size 
is readily feasible in solventless extrusion, but the 
powder extruded by the solventlcss process is not as 
tough and strong as solvent powder. The process is 
quite hazardous, heavy and costly machinery and 
barricades being required. It is, however, the most 
important source of rocket propellants now avail­
able. Examination of German and Jttpanese pro­
pellants indieates that they are defin.itely stronger 
than those produced in this eountry and presents a 
clue to the improvement of the strength of solvent­
less double-base powder that should be followed at 
once. 

TABLE :3. Nominal composition of cast double-base 
propellant. 

Only one powder has been investigated thoroughly enough 
to wanant it being considered for standardization. Its com­
position is given as follows: 

Matrix 
Casting powder 
Castiug solvent . 

35 parts by volume 
12 parts by volume 

CasUng powder-granulated in cylinders 0.030 in. diameter, 
0.030 in. long. 

Nitrocellulose (13.15 per cent nitrogen) 74.0 
Nitroglycerin 20.0 
Diethylphthalatc 5.0 
Ethyl centralite 1.0 
Carbon black (added) 0.5 

Casting .~olvent 
Nitroglycerin 
Dimethylphthalate 
Ethyl centralite 

Rate control strands 

64.0 
35.0 

1.0 

Nitrocellulose (12.6 per cent nitrogen) 2.5.0 
Potassium perchlorate (3 microns) 56.0 
Carbon black 9.0 
Ethyl centralite 1.0 
Plasticizer 9,0 

The plasticizer consists of 74 per cent nitroglycerin, 25 per cent 
dimethylphthalate, and l. per cent centralitc. 0.28 per cent 
magnesium stearate is added to the whole mixture. 

CASTING 

The starting material for this process is finely 
granulated, previously colloided powder, such as 
double-base rifle or pistol powder. Cut or ball 
powders are both serviceable. The small particles 
of this nitrocellulose-nitroglycerin powder are mixed 
with a sufficient quantity of an active, nonvolatile, 
casting solvent (e.g., nitroglycerin dissolved in tri­
acetin) to form a pourable slurry. 'l'his is cast into a 
mold which may be a metal container or a plastic 
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tube. The latter may serve as a restricting material 
if this is desired. Heating for about a day at 60 C 
causes the mass to set to a tough nonporous grain 
which has entirely satisfactory burning properties. 
Provided that care is taken in the selection of the 
composition, there seem to be no limits to the size 
and shape of grains that may be produced by this 
process, and it is particularly well suited to the 
production of large single grain charges. The cast­
ing process is also well adapted for applying the 
principle of burning rate control by strands of 
special powder, sinee the propellant may be cast 
directly around the strands. Cast propellants are 
still in the development stage, but they offer many 
advantages. In addition to those already given, the 
simplicity of the equipment and the eheapness and 
comparative safety of the process may be cited. 

By July 1947, Allegany Ballistics Laboratory, 
operated by the Hercules Powder Company, had 
carried the development of one type of cast double­
base propellant to the stage where rocket thrust 
units carrying single grain charges weighing more 
than 600 lb were fired successfully in flight under 
conditions of extreme acceleration. 

PnEssll'B.E MoLDING 

Molded double-base powder has been produced 
by mixing Western Cartridge "Ball Powder" with 
a few per cent of plasticizer and molding it into a 
large grain by the application of heat and pressure. 
The details of the process have not been published, 
and indeed the whole work is in a fairly elementary 
stage. Its significance has been greatly diminished 
since the development of the casting process. 

SnMMARY 

The granulation processes just described cover 
the field of roeket propellants very adequately. The 
solvent process is useful where thin-web grains 
strong enough for rapidly accelerated rockets are 
desired. The solventless process is well adapted to 
produce large grains whose lengths are large com­
pared with their diameters-there is, however, an 
upper limit to the diameter. The easting proeess is 
best adapted to producing grains whose lengths and 
diameters are comparable. It is especially suited to 
the fabrication of large-diameter gmins. The larger 
the grain, the more eeonomical is the cnsting 
process. 

u..:a. CAST PERCHLORATE PROPELLANTS 

13..:1-.1 General Description 

These propellants are made by mixing intimately 
together finely powdered potassium perchlorate 
and an organic binder in a fluid eondition. The mix 
is cast into a mold where it solidifies by thennoplas­
tic or thermosetting action. More recently am­
monium perchlorate has been used instead of 
potassium perchlorate to cut down the smoke. As 
organic binders asphalt and oil mixtures, paraplex 
stp:ene resins, rubber bases, and fusible ethyl­
cellulose-eastor oil mixes have been used wiLh 
success. The great advantage of these propellants 
is the extraordinarily simple process by which they 
are produced and the cheapness of the materials 
involved. It may be noted as a matter of interest 

TaBLE 4. Nominal compositions of some cast perchlorate propellants. 

-...________-~------ Powde1· 
--...,___________ 

Ingredient ~----

Potassium perchlorate 
Ammonium perchlorate 
Base 
Catalyst (chromic oxide) 
Carbon black 

ALT-39 
(Aero jet) 

75.0 

25.0* 

Galcit 61-C 
(Aero jet) 

75.5 

24.5t 

*Asphalt, Union :LT-1 (,"""IS-C15) 90 per cent, oil (AMS-C3) 10 per cent. 

1' Al,phllit (AMS-C2) 70 per cent, oil (AMS-C3) 30 per cent. 

MA-70 

75.0 
25.0! 

MA-142 

74.75 
25.0§ 
0.2.5 

t Aloph.alt, LT-1 (AMS-C15) 42 per cent, paraplex RG-2 38 per cent, dibutyl sobacate 8 per cent, Acrawax C 12 per cent. 

§ Alophalt, LT-1 (AMS-C15) 3·! per cent, parapleJC RG-2 .!6 per cent, dibutylsebacate 8 per cent, Acrawn.x C 12 per cent. 

II Pcrmafil 2851 98.2 per cent. tertiary butyl perbenzoate 1.3 per cent, lecithin 0.5 per cent, quinone 0.03 per cent. 

Bruceton cast 
perchlorate 

74.5 

25.011 

0.5 
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that these are the only solid propellants that do not 
depend ultimately on nitric acid. It is impossible to 
give in detail the properties of all propellants of this 
type that have been studied, so that attention will 
be focused on three propellants, one of the asphalt 
and potassium perchlorate type, one of the asphalt­
ammonium perchlorate type, and one of the ethyl­
cellulose-potassium perchlorate type. Compositions 
are shown in Table 4. 

13.4.2 Asphalt-Potassium Perchlorate 
Propellant-Galcit 61-C 

This propellant is made by stirring together finely 
ground potassium perchlorate and a hot asphalt-oil 
mixture, pouring into the motor, which has been 
lined with a layer of asphalt, and allowing to cool. 
Alternatively, it may be cast into a mold, removed, 
and coated with asphalt and tape or some other 
restricting medium. 

THERl\WDYNAMIC PROPERTIES 

The density of this propellant is high, being 1.75 
to 1.82 g per cu em, i.e., 0.063 to 0.066lb per cu in. 
(l'he adiabatic flame temperature is calculated to be 
2100 K.- There are uncertainties in this calculation, 
and this figure is probably too low. The gases from 
this propellant erode the nozzle severely. The spe­
cific impulse with chamber pressure of 2,000 psi and 
reasonable expansion ratio is 170 to 180 lb (force) X 
seconds per lb. The number of moles of gas per 
gram is 0.036. The ratio of the specific heats at con­
stant pressure and constant volume is 1.21. The 
propellants yield a dense white smoke on burning. 
Galcit 61-C, like others of this type, is very stable 
and difficult to ignite. 

BuRNING PRoPERTIES 

At 60 F the linear burning rate is 1.5 ± 0.1 ips at 
2,000-psi chamber pressure; this corresponds to a 
gas production of approximately 0.098 lb per sec 
per sq in. of burning surface. The corresponding 
value of the thrust developed by the burning of 
1 sq in. of surface is 17 lb (force). The pressure 
exponent of this powder has not been well investi­
gated, but it is undesirably high, being about 0.75. 
On the other hand, the temperature coefficient of 
the isobaric burning rate is so low that the variation 
of thrust with temperature in a given rocket is only 
about 0.35 per cent per degree Fahrenheit under 
conditions of use. 

MECHANICAL PROP1<JRTIES 

Over the usable temperature range these powders 
are fairly soft and not brittle enough even at low 
temperatures to be easily fractured by rough 
handling, although cracking from thermal stresses 
at low temperatures has been troublesome. When 
directly supported by the motor walls, the propel­
lant has adequate strength to withstand the stresses 
encountered in service, but it seems certain that 
over most of the service temperature range the pro­
pellant is too soft for applications such as radial 
burning where it is supported only at one end. The 
mechanical properties of this propellant determine 
the safe operating temperature limits. At high 
temperatures the material becomes soft enough to 
flow, whereas at low temperatures it hardens to a 
point where shrinkage cracks appear. The improve­
ment of the physical properties of this propellant 
has been a problem of urgency and led to the 
development of the ethylcellulose and paraplex­
binders. 

13.4.3 Asphalt-Ammonium Perchlorate 
Propellants 

A number of these propellants have been devel­
oped with a view to eliminating or cutting down 
the amount of smoke produced by cast potassium 
perchlorate mixtures. These are made in essen­
tially the same manner as the asphalt-potassium 
perchlorate propellants. They contain in addition 
to ammonium perchlorate and asphalt small 
amounts of other plastics and plasticizers, together 
with chromium trioxide which acts as a catalyst. 

THERMODYNAMIC PROPERTIES 

The densities of propellants of this type range 
from 1.52 to 1.56 g per cu em, and specific impulses 
varying from 150 to 190 are reported. The gas 
contains 0.050 moles per g, and the adiabatic flame 
temperature is given as 1830 K. There is con­
siderable uncertainty in these figures. 

BuRNING PnoPERTms 

At room temperature the linear burning rates of 
the ammonium perchlorate propellants are much 
lower than those of the potassium perchlorate pro-
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pellants, varying from 0.4 to 0.85 ips at 2,000-psi 
pressure. Some compositions have been made 
'' hich burn well at 1,000 psi. With these propel­
lants, burning at 2,000-psi pressure, thrusts vary­
ing between 4 and 8.5lb (force) per sq in. of burning 
surface may be obtained. The pressure exponents 
and the temperature coefficients have not been 
investigated. 

~fECHANICAL PROPERTIES 

The mechanical properties are quite similar to 
the asphalt-potassium perchlorate propellants which 
have already been described. 

Ethylcellulose-Potassium 
Perchlorate Propellants 

These propellants arc in the advanced experi­
mental stage but couid be developed and applied 
fairly readily. One type is made by mixing a hot 
molten ethylcellulose-castor oil mixture with potas­
sium perchlorate and aluminum or carbon and 
casting the mix into a suitable mold or vessel. On 
cooling, the mass sets up to a tough solid, which has 
better mechanical properties over a wide tempera­
ture range than does the asphalt composition. 
Another type is made by mixing the perchlorate 
and aluminum or carbon with the General Electric 
Company's resin "Permafil," which can be cast 
at room temperature and hardens without shrink­
age to a rubbery solid of unlimited temperature 
range. 

These propellants have thermodynamic and burn­
ing properties very similar to the asphalt-potassium 
perchlorate ones, but with the significant difference 
that the added aluminum or carbon brings the 
pressure exponent down from 0.7 or 0.8 to 0.6, a 
Yery important reduction. Further investigations 
of the effects of substances like aluminum on the 
pressure exponent are strongly indicated as a means 
of improving this type of propellant. 

:t3.5 MOLDED COMPOSITE PROPELLANT 

13.5.1 General Description 

These propellants :1re prepared by milling to­
gether in edge-runner mills a mixture of ammonimn 
pierate, alkali nitrate, and n small portion of a 
resinous binder. The powdery product from the 

mills is forced into grains of the desired size and 
shape by compression molding at about 10,000 psi 
in a large hydraulic press. The grains are cured at a 
predetermined temperature for a fixed time before 
use. Because of the nature of the binder used, 
these grains can be easily restrieted by a plastic 
coating, which prevents burning on the inhibited 
surfaces. 

The fabrication of this propellant requires a large 
number of small edge-runner mills, although im­
proved techniques may probably be developed by 
further investigation. It also requires large presses, 
and a considerable number of these are necessary 
because of the comparative slowness of the molding 
operation. The raw materials for this propellant arc 
all currently manufaetured in large amounts. 
Molded composite propellants produce considerable 
amounts of white smoke, the quantity being smaller 
with the slower burning compositions which contain 
smaller proportions of alkali nitrate. Ahhough a 
large number of these composite propellants h~wc 
been studied, it has been found possible to cover a 
wide range of properties with four compositions: 
CP 401, CP 404, CP 218B, and CP 492. These 
are arranged in order of increasing burning rate. 
Their nominal compositions are shown in Table 5. 

TABLE 5. Nominal compositions of certain molded 
composite propellants (OSR.D R.eport No . .5700). 

..________ Powder 
·--....____ ___ ~----

Ingredient ..._ GP 401 CP 404 CP 21SB CP 49'2 

~-\.mmonium picrate 72.0 54.0 46 .. 5 41.0 
Sodium nitrate 46 .. 5 
Potassium nitrate lS.O 36.0 .50.0 
Plastic binder 10.0* 10.0* 7.0'1" \LOt 
Zinc steatat.e (added) 0.4 0.1 0.4 0.4 

* ~'5.0 per cent cthylcellulosc, ;'5_0 per cent Arodor No. 1254. 
t .5 per cent buraminc resin, 1.5 per cent Santicizer No. 8, 0.5 per cent 

butanol. 
~:4:.+) per cent ct;hylcellulosc, 4.5 per cent Aroclor No. J2;34;. 

).3.5.2 Thermodynamic Properties 

The densities of molded composite propellants 
range from 1.66 to 1.79 g per cu em or 0.060 to 
0.065 lb per cu in. Reliable estimates of the flame 
temperatures have not been made. The specific 
impulses, measured nt ehamber pressures in the 
vieinity of l ,000 psi and with the optimum expan­
sion ratio, lie between 160 and 170 and vary little 
with the composition of the propellant. 
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13.5.3 Burning Properties 

All molded composite propellants burn very well 
at low pressures; indeed 500 to 1,000 psi seems to be 
the optimum chamber pressure for these fuels. By 
change of composition a wide range of burning rates 
may be obtained without much change in specific 
impulse. For example, at 1,000-psi pressure and 70 
F the linear burning rates of CP 401 and 492 are 
0.24 and 1.0 ips respectively. The corresponding 
gas production figures are 0.014 and 0.064lb per sec 
per square inch of burning surface, and this gives 
thrusts per square inch of burning surface of 2.3 and 
10.6 lb (force). It should be noted that the ratio of 
nitrate to pierate is the principal faetor in determin­
ing the linear burning rate, but the partiele size of 
the nitrate is also an important factor in those pow­
ders which contain potassium nitrate. The pressure 
exponent in the burning rate law for all these com­
posite propellants is quite low, being on an average 
0.5. This promotes stability ·of burning at high 
loading densities imd gives a very small effeet of 
temperature on the pressure and thrust of a given 
motor. Indeed the pressure in a motor charged with 
a molded composite propellant changes only 0.22 
per cent per degree Fahrenheit. 

Mechanical Properties 

When properly made, molded composite propel­
lants are nonporous solids with a smooth hard 
surface. They obey the law of burning in parallel 
layers. It is essential that the density be controlled 
in manufacture so that it is between 0.950 and 
0.96.5 times the theoretical fully packed density. If 
the density is below this limit, troubles from 
porosity will arise, whereas, if it exeeeds this limit, 
the grains may crack on being removed from the 
mold. 

l.3-5.5 Compression Strength 

All the composite propellants will withstand 
compressive stresses of 3,000 psi for short times 
even at 60 C and several times this amount at 
room temperature. Since these materials are 
plastics, the value of the compression strength 
depends on the rate of loading, and few laboratory 
measurements under these conditions have been 
made. However, numerous tests of propellant 
grains in rockets subjeetcd to excessive aeceleration 

have failed to give any evidence of compression 
failures. 

13.5.6 Impact Resistance 

Molded composite propellants have a very low 
impaet resistance; it is about one-tenth that of 
double-base propellants. However, simple shock­
absorbing mountings made from cork have been 
devised h which enable the propellant grains to 
stand up against any rough usage tests, such as 
dropping on concrete, which do not damage seri­
ously the metal parts of the rocket motor. 

13.5.7 Thermal Shock 

The resistance to thermal shock leaves something 
to be desired. It depends on the size of grains and 
the severity of the temperature change, and is in 
the state where it is quite advisable to examine the 
effeets of thermal shock on any new rocket loaded 
with a molded composite propellant. The chemical, 
thermal, and explosive stability of all composite 
propellants of this type is extremely high, and the 
impact sensitivity is low. 

13.5.8 Granulations 

The pressure-molding process works best when 
the diameter of the grains is approximately equal 
to the length. Grains whose lengths are much 
greater than their diameters must be produced by 
the cementing together of one or more smaller 
grains. Since adequate cements are available this 
condition introduces no great difficulties and makes 
possible the production of a wide v~uiety of shapes 
and sizes. Up to 1946, grail:I.S varying from 1 
to 12 in. in diameter and from 1 to 51 in. in length 
had been successfully made. The only limit to the 
diameter is the size of the press available. 

13·6 SOLVENT-EXTRUDED COMPOSITE 
PROPELLANTS 

These propellants consist of a filler composed of 
carbon black and either potassium perchlorate or 
potassium nitrate dispersed in a binder of double-

h See Division 8 Summary Technical Report. 
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base powder. The proportions are usually 6."i per 
cent filler, 35 per cent binder, although for some 
purposes where reduction of smoke is important the 
fraction of filler has been reduced to 9 per cent. 

In addition to apparatus for grinding the per­
chlorate or nitrate the equipment needed for making 
these powders is the same as for making solvent­
extruded double-base powders, and the same limita­
tions of web thickness apply. 

The great advantage of solvent-extruded com­
posite propellants lies in the small value of their 
pressure exponent which is approximately 0.45 and 
which permits high loading density and cuts down 
the temperature coefficient of pressure and thrust. 
The specific impulses are about the same as those 
of double-base powders, and the compositions may 
be adjusted to cover a wide range of burning rates. 
Indeed, extruded composite propellants with burn­
ing rates faster than are feasible with double-base 
powders are readily obtainable. The granulation 
limitations described under solvent-extruded double­
base powder apply to solvent-extruded composite 
propellants, and their mltin use is limited to rela­
tively fast-burning rockets or to the rate control 
strands which are used in conjunction with cast 
double-base powder grains. For this latter purpose, 
strands of composite propellant are ideal because of 
the small effects of pressure and temperature on 
their burning rates, and because of the wide range of 
burning rates that may be realized within the com­
position scope of solvent-extmded composite 
strands. 

lM PLASTIC PROPELLANTS 

This type of rocket propellant has been developed 
by the British and is quite similar in composition 
and ballistie properties to the American molded 
composite propellants. The main difference lies in 
the binder, which is more fluid and present in larger 
amounts, so that the plastic propellant does not set 
up to a hard mass but retains a putty like consistency. 
It is molded directly into the rocket motors under 
fairly low pressure in the form of central~burning 
eharges inhibited on the outer surface by the motor 
walls, a relinble bond between the plastic propellant 
and the steel wall having been developed. The 
puttylike eonsistency of the propellant allows it to 
expand or contract with the motor wall without the 
setting up of stresses large enough to cause rupture 
or cracking. 

TABLE 6. Nominal compositions of some solvent-
extruded composite propellants. 

-~~der 

Ingredient ~ ............ 
EJA EJB MJA T-4 

Nitrocellulose 21.00 42.00 26.00 54.60 
Per cent nitration 12.66 13.10 13.10 13.i5 

Nitroglycerin 13.00 26.50 21.50 35.50 
Ethyl centralite 1.00 2.50 0.9 
Potassium 

petchlorate 55.50 25.50 7.80 
Potassium nitrate 43.00 
Carbon black 9.00 4.20 7.00 1.20 

The thermodynamics and burning properties of 
this propellant are similar to those of the slower 
burning molded composite propellants. 

13
·8 RECOMMENDATIONS FOR 

FUTURE WORK 1 

The foregoing review of the status of solid rocket 
propellants suggests strongly certain lines along 
'vhich future w-ork should proceed and makes 
possible several general recommendations which will 
be advanced in the following. It should be noted 
that these reeommenclations are of a general nature 
and are independent of any programs that might 
already be planned for the development of specific 
devices. Future work to be undertaken falls na.tur­
ally into two elasses: 

1. Development work, which includes the improve­
ment of existing propellants and especially the 
development to an entirely satisfactory state of a 
few solid propellants which cover the range of fore­
seeable requirements. The scale of this type o£ work 
is on a pilot plant or higher level, and its main 
object is to render available to the United States 
reasonably satisfaetory propellants which may be 
prepared in quantities at short notice. 

2. Research work. This ineludes work on a labo­
ratory level that is designed (a) to make raclieal 
improvements in existing types of propellants, and 
(b) to broaden the whole basis underlying the art of 
propellant manufact,1re. 

The discussion in this section will be classified 
aceording to the types of propellants eonsidered. 

; These recommendat,ions were made cady in 1946. Many 
of them were put into effect during preparation of this volume. 
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13.8.1 Solvent-Extruded 
Double-Base Powders 

It is recommended that no further development 
work be conducted on powders of this type since 
three s~1tisfactory powders are now available; namely, 
T-1 powder, the T--4 (BBP), and the T-2 powder. 
Specifications for these have been written, and the 
only problems that require consideration are those 
dealing with improvement of the control in large-
scale production. -

13.8.2 Solventless Double-Base 
Powders 

Compositions which cover the whole range of 
calorific values or burning rates have been inves­
tigated for this type of powder. It is recommended 
that work leading to the development of three 
compositions which are satisfactory from the ballistic 
and manufacturing points of view be undertaken at 
once. It is further recommended that these powders 
b<~ based on JPN, the high-calorific powder, G 117B, 
medium-calorific powder, and L 4.8 (note: the com­
positions of these powders as known at present are 
given in Tables 1 and 2). These powders cover the 
range of burning rates obtainable with double-base 
propellants, and the problems connected with their 
manufactun~ are known to be soluble. Considerable 
improvement in the manufacturability should be 
sought, but no sacrifice in ballistic qualities such as 
smoothness of burning and small temperature coeffi­
cient should be made. It is emphasized that these 
problems are fairly short range in nature, but they 
should not be regarded as solved until the results 
have been tested on a large scale, since quantity 
production is an important object. 

It is also recommended that immediate steps be 
taken to use existing lines of evidence to improve 
the mechanical properties of these powders, par­
ticularly the resistance to load at high temperatures 
and the "brittleness'' at low temperatures. 

It is also recommended th~1t studies be made of 
the effect of newly developed sta.bilizers in extending 
the safe life and cutting down the gas production in 
double-base powders. The gas production in these 
powders is now thought to be the major cause of 
craeking during high-temperature storage, an effect 

which at present imposes serious limitations in the 
use of double-base powder in large web grains. 

Problems concerned with the extrusion of solvent­
less powders in 'Very large grains, for example, 6 to 
10 in. in diameter, should receive high priority. 
This is particularly true for grains restricted on the 
outer surface and having a star-shaped perforation, 
since this type of grain gives the highest promise of 
realizing the largest overall speeific impulse in 
rocket motors. 'l'he need for motors with high 
impulse and low weight for the launching of guided 
missiles and similar devices becomes more urgent 
every day. 

13.8.3 Cast Double-Base Propellants 

This development, particularly with the use of 
rate control strands, is regarded as one of the most 
promising in the whole field, and it should be pur­
sued vigorously, particularly in view of the increas­
ing demand for jet-operated thrust units of huger 
and larger size. It is suggested that attention be 
given to the development of approximately three 
compositions or combinations of compositions in 
burning rate and rate control strands covering the 
same range as that indieated in the solventless­
extruded powder field. Attention should also be 
given to the development of large radial-burning 
grains with a low temperature coefficient, produced 
either by adjustments of the composition of the 
powder or by the use of rate control de'Vices. The 
preparation of cast double-base grains in very large 

or with star-shaped perforations should also 
receive early attention. In this connection the 
development of a smokeless composition with the 
mechanical properties and adhesive qualities of the 
British plastic propellant would fill a pressing need. 

13.8.4 Pressure Molding of 
Double-Base Powder 

It is recommended that very low priority be given 
to this type of development in the future, since the 
casting process is simpler and leads to the same 
results. Furthermore, the experience of the years 
1942-45 does not justify optimism concerning 
further work on pressure molding of double-base 
powder. 
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13.8.5 Cast Percltlorate Propellants 

The-cheapness and availability of these propellants 
and the possibility of obtaining high loading den­
sities suggest very strongly that development work 
to improve them should be pursued vigorously. 
Careful attention should be paid to the chemical 
engineering problems arising in the manufacture so 
that a more uniform product may be obtained. 
Higher mechanical strength and a wider usable 
temperature range are important objectives that 
should be sought. Improvement of the exponent in 
the burning law is also a very necessary develop­
ment; clues to this already exist in the action of 
aluminum in some of these propellants. It is also 
recommended that attempts be made to increase the 
burning rate of the smokeless ammonium perchlorate 
propellants or to develop other cast compositions 
with high burning rate and low smoke. 

13.8.6 Molded Composite Propellants 

These are in a fairly well-developed state, the 
only problems really .requiring attention being 
improvement of the manufacturing process, better 
control of the uniformity of the product, and 
removal of any instability at high chamber pres­
sure. It is felt that the field covered by molded 
composite propellants can, in general, be eovered 
by others that are more promising in their properties 
or easier to make. Hence it is not recommended 
that an extensive development program be con­
ducted on this work. Since molded eomposite pro­
pellants are the only ones now available for large 
thrust units designed to give very high thrusts, it is 
strongly recommended that facilities for making 
this propellant be kept in working order until a 
completely satisfnctory replacement has been 
developed. 

18.8.7 Solvent-Extruded Composite 
Propellants 

At present these propelhtnts with their low ex­
ponent in the burning law and high rate of burning 
are the best known for rate control applications. 

The development problems of the solvent-extruded 
composite propellants consist mainly in the se­
curing of positive manufacturing control and 
should be pushed to a point where satisfactory 
specifications for manufacture and quality may be 
written. 

13.8.8 Plastic Propellants 

These are receiving attention in Great Brita.in, 
and, since they have the ballistic properties of the 
molded composite propellants and there is a pos­
sibility that the same mechanical properties may be 
developed in cast double-base propellants, it is 
recommended that little work along this line be 
done until the possibilities of plastic cast double­
base propellants are more thoroughly explored. 

13.9 RECOMMENDATIONS FOR 
RESEARCH WORK 

The research program recommended recognizes 
two main objectives: 

1. Radical modifications and improvements of 
existing propellants; for example, replacement of 
nitroglycerin by a new explosive plasticizer. 

2. The production of entirely new types of pro­
pellants with different bases; for example, use of 
high polymers other than nitrocellulose. 

These new-propellants will, of course, recommend 
themselves because of outstandingly good physical 
or burning characteristics, or great ease or flexibility 
of manufacture. Such a research program must be 
guided by an understanding of the fundamental 
characteristics involved; namely, the mechanism of 
burning, the control of the physical and mechanical 
properties, and the knowledge of the desirable prop­
erties of new ingredients and methods of making 
them. 

The research program suggested here, therefore, 
falls into three classes, which not only subdivide 
the research problems into natural groups, but also 
indicate an organiz~ttion for carrying them out. In 
the following pnges this program is set out, first in 
summary and secondly in more detail, so that the 
reader may comprehend its scope more readily. 

- - .. .. .. 
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13·10 SUMMARY OF 
RESEARCH PROBLEMS IN TilE FIELD 

OF ROCKET PROPELLANTS 
13.10.1 Class A. Theory of the Burning 

of Rocket Propellants (Kinetics 
of Powder Reactions) 

The objective of this class of problem is an under­
standing of the relntions between those quantities 
of significance in the burning of rocket propellants 
and those quantities which may be controlled in 
their manufacture. A satisfactory theory should 
enable one to predict the burning properties of ~t 
propellant from its composition and to make pow­
ders with burning properties specially adapted to 
certain purposes. A sound theoretical basis is of 
utmost importance in the guiding of work in the 
whole program. 

13
·
10

·
2 Class B. Physical Theory of the 

State of Colloidal or Other Solid 
Propellants (Statistical Mechanics 

of Solid Propellants) 

This general class of problems is concerned with 
the relation between the molecular properties of the 
ingredients (chemical nature, degree of polymeriza­
tion) and the physical and mechanical properties 
of the resultant mass. Practical questions, such as 
extrudability, strength, "degree of colloiding," con­
trol of soundness and to some extent of burning 
properties, fall into this class. It is highly probable 
that organic high polymers of one sort or another 
will continue to form the basis of solid propellants 
for some time to come. The search for a complete 
understanding of the relationship between the 
chnracteristics of the molecules and the properties 
of the solid or liquid state in highly polymerized 
systems is one of the most vital physicochemical 
problems of the day, and one which links up the 
study of propellant explosives with that of other 
plastics. 

Iuo.s Class C. Fundamental Develop· 
ments of New Propellants (Chemistry 

of Propellants) 

The work covered by this class depends for its 
success on close coordination with the work listed 
under classes A and B, because these classes cover 
fields nearer to the ultimate application. Class C, 

however, is sufficiently varied and specialized to 
merit separate consideration. In this class is con­
sidered not only the chemistry of old or entirely 
new powder ingredients, but also the search for new 
ways of restricting the burning of solid propellants, 
the development of semisolid propellants, the de­
velopment of fuels with low flame tei::nperatures but 
high specific impulses, and the development of pow­
ders with improved ignitibility. 

13.10.4 More Detailed Outline of 
Program 

CLAss A. KINEncs oF PRoP:~<JLLANTs 

1. Theory of burning of solid propellants. 
a. Study of reaction in solid. 
b. Study of reaction in gas phase. 
e. Influence of environment, pressure, tem­

perature, radiation on kinetics (rate 
and exponents, etc.). 

2. Thermodynamic studies of powder and powder 
gases. 

a. Specific heat measurements. 
b. Heats of reaction. 
c. Thermal conductivity of propellants. 
d. Temperature measurements near reac­

tion zone. 
3. Isolation and identification of intermediate de­

composition products. 
4. Laboratory studies of kinetics of intermediate 

reactions, i.e., reactions in which the known inter­
mediate products take part. 

5. Application of theory to specify desirable pow­
der ingredients and tests of predictions. 

6. Effect of powder composition and burning 
properties. Under this subhead we include all 
studies of types Al to A4 as applied to nitrocellulose 
powders, composite propellants, and powders with 
entirely new bases and plasticizers. 

7. Development of new techniques for studying 
the kinetics of reaction of gaseous, liquid, and 
solid propellants, for example, application of mass 
spectrograph, radioactive tracers, and high-speed 
photography. 

CLASS B. PHYSICAL STA'l'lil OF PROPELLANTS 

1. Systematic studies of physical properties of 
existing and new propellants over range of pressure, 
temperature, and rate of application of stress. 

2. Systematic study of plastic properties over 
ranges of pressure and temperature. 
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3. Studies of molecular characteristics and fun­
damental chemistry of cellulose, nitrocellulose, and 
other high polymers. Structure of solid propellants. 
Relation of molecular characteristics, e.g., molec­
ular weights and polar groups, to the properties of 
the solid, e.g., degree of colloicling of powder. 

4. Effect of mechanical working and other ex­
ternal effects on molecular characteristics and 
strueture of propellants. 

5. Study of molecular interaction of plasticizers 
with propellant bases. Influence of bonding on 
physieal state of the solid propellants. 

6. Fundamental studies of the adhesion of solid 
propellants to metals, plasticizers, etc. 

7. Development of new apparatus and techniques 
for studying the moleeular properties :1nd the mac­
roscopic: structure of solid fuels. 

Cr-Ass C. Cm·;~nsTRY oF PRorm,LANTs 

1. Synthetic organic chemistry as applied to 
explosive bases. 

2. Synthetic organic chemistry as applied to 
explosive and nonexplosive plasticizers. 

3. Use of new bases and plasticizers to obtain 
propellants with higher specific impulses but low 
flame temperatures. 

4. Studies of new stabilizers and their action. 
Heduction of gas formation. Improvement of high­
temperature properties. 

5. Use of ingredients to promote ignitibility of 
powders. 

6. Exploration of new manufacturing methods, 
including entirely new colloicling processes. 

7. Development of semisolid propellants·-thick­
enecl monofiuids. 

8. Development of restrictive coatings and meth­
ods of application. 

9. Investigation of thermodynamic and thermal 
properties of powders and powder constituents. 
This is particularly importnnt in the case of new 
constituents. 

10. Application of new methods to chemical and 
physical analyses of powders. 

13.10.5 General 

The program just outlined is given in fairly 
general terms, but it covers the avenues of inves­
tigation that now i seem worth following and pro­
vide fairly well-defined objectives. The details 
should, of course, be filled in more completely by 
those who are to undertake the work. It is suggested 
very strongly that one of the first steps to be taken 
by those undertaking the job should be the prepara­
tion of a monograph giving the present status of 
solid rocket propellants. In this way the outstancl~ 
ing problems will be brought into sharp relief. 

i In early Hl+li. 
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PART IV 

ROCKET WEAPONS AS DEVELOPED AND USED 

IN WORLD WAR II 

By C. W. Snyder n 

A SIGNIFIC.A.N'!' DEVELOPMENT of World War II 
was the resurgence of the artillery rocket as a 

major weapon. This is strikingly illustrated by the 
fact that in 1941 the U. S. Navy had no rocket 
1veapons and evinced little interest in them, whereas 
in 1945 the Navy was spending on them .$100, 000,000 
a month-more than on all its other types of ammu­
nition combined. 

All the Navy's rocket we a pons, as well as a con­
siderable portion of those used by the Army, were 
developed by OSRD's rocket project at the California 
Institute of Technology, Contract OEMsr-418. The 
CIT work began in September 1941, expanded 
rapidly, and continued intensively into late 1945. 
Many reports were issued during this period. Two 
monographs and seven final report volumes on 
rockets, prepared under the contract, recapitulate 
the principal results and conclusions of four years 
of high-pressure activity. b 

The following chapters attempt to provide an 
introduction to these volumes, and to summarize 
them in part, primarily for the benefit of those 
who may be coneernecl with rocket research in the 
future. 

Since one of the m~ljor aims is to explain why CIT 
rockets evolved as they did, certain basic factors 
are given here in the beginning. They are 

1. Propellant. The only rocket propellant which 
could be made available in sufficient quantities to 
meet the requirements of an artillery weapon was 
ballistitc. It was far from ideal for the purpose. 

2. Sirnplic1·ty. The keynote of all designs was 
simplicity. From the beginning the group set for 
itself the task of developing to the utmost the 
simplest kinds of rockets, which could be made in 
enormous quantiti~~s chenply and quickly, in the 
belief that this course was more likely to contribute 

"Assistant Supervisor, Section I (Rocket Design and Devel­
opment) of Contract OEMsr-418 at the Califotnia Institute of 
Tcolmology. 

b These items head thE' list of OEl\fsr-418 reports in the 
general bibliography in the appendix. 

to winning the Wttr than more ambitious and com­
plicated long-term developments. A comparison of 
the little 4:.5-in. 29-lb b~trrage rocket and the fear­
some V~2 as to their rcln.tive effects on the outcome 
of World War II will show that this conviction has 
been vindicated. 

3. Safety. It was always insisted that the designs 
be thoroughly safe and dependable. This was done 
not only ·with a view to preventing casualties among 
our own men, but also because of a realization that 
rockets were new to the Services and a poor showing 
at the beginning might prejudice their users '"'o'·"u;ou 
them and seriously retard their growth into a sig­
nificant factor in the victory. 

Experimenters who come afterw-ard, who have 
access to many kinds of propellnnt with diverse 
properties, who have time to tackle problems of 
greater difficulty and solve them with greater ele­
gance, and who, having customers eager for their 
products, may be able to design to smaller safety 
factors in the interest of obtaining the last ounce of 
performance, will certainly do things differently. 
This fact should be kept in mind in reading the 
following pages. 

The author joined the rocket group in June 1942, 
just as the first American rocket was starting into 
combat. As a member, and later an assistant super­
visor, of the projectile group, he had first-hand 
experience with most of the rockets discussed in 
these chapters and hence ean reasonably hope that 
most of what he has written is true. Nevertheless, 
because of the pressure under which these chapters 
had to be written and the unavailability of people 
and inform~ttion after the development activities 
ceased, this summary is much more of a one-man 
job than is desirable for a work of its kind. It is 
therefore hoped, but not expected, that the number 
of errors may be few and that tbe subjects which 
the author was not directly concerned with during 
World War II may have been given their proper 
space and emphasis. 

115 
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Chapter Vt 

MILITARY NEEDS WHICH ROCKETS CAN MEET 

By C. TV. Snytler 

14·1 GENERAL CHARACTERISTICS AND 
USES 

D URING WORLD WAR II 1 short-burning, solid fuel 
rockets were developed to meet many tac.tical 

needs. It nppet=trs that the field for military 
applieation of such rockets hns been fairly well 
explored. Most of the applications for which rockets 
have been found advantageous have been rather 
specialized; solid fuel rockets have supplemented 
shells and bombs rather than disphtced them. 
Before a rocket is chosen or designed for any appli­
cation, therefore, it should be established that the 
rocket promises definite advantages over other 
types of projectiles. For many common tactical 
situations it does not. For some others, rockets 
may be the only possible answer or the most effec­
tive one. 

All actual or proposed uses of rocket projectiles 
which have come to the attention of the writer 
involve the familitu functions of shell and bombs, 
namely, the delivery of materials to the enemy, 
sometimes at velocities adequate for penetration of 
his defenses. In addition to solid shot, the materials 
carried have included high explosives, chemical 
agents (gas, smoke, incendiary mixtures, etc.), 
illuminnting flares, and certain inert fillers like anti­
radar "window" and propagandtt leaflets. 

The principal characteristics of rockets which 
affect their employment are 

1. Their lack of recoil. This is unquestionably 
their most important advantage and is a factor in 
ueal'ly all tactical uses. 

2. Simplicity, light weight, and associated mo­
bility of rocket launchers as compared to guns. 

3. Low setback forces resulting from the usually 
prolonged period of propulsion. 

4. Long, stable underwater and underground 
trajectories in the case of most fin-stabilized rockets. 

5. Superior ~tccuracy and penetrating power of 
rockets as compared to bombs. 

Among the characteristics of rockets which have 
limited their use are blast, smoke (in some eases), 
and the effects of temperature on performance. 

Blast is a hazard and, like smoke and the muz­
zle flash of guns, reveals firing positions. As a 
result of developments toward the end of World 
War II, temperature effects are now much less 
restrictive. 

Largely because of the properties enumerated, 
the principal tactical uses for which rockets have 
been preferred over shells and bombs are the fol­
lowing: 

1. Firing heavy projectiles from shoulder launch-
ers, small craft, light vehicles, and, perhaps 
most important, airplanes. 

2. Drenching area targets with intense barmges 
for short, though usually critical, periods. 

3. Firing from ground locations to which trans­
portation of guns capable of comparable effects is 
difficult or impossible. 

4. Attacking underwater targets like submarines 
or ship hulls and underground targets like caves. 

The tactical situation in view will usually indicate 
roughly the specifications to be met as to range, 
velocity, dispersion, weight of payload, total weight, 
fuzing, and type of launcher. In general, it is de­
sirable to provide launchers to fit the final rocket 
design, but frequently considerations of launchers 
a.lreacly available or of available sizes of tubing 
from which to make rockets limit the choice of 
calibers. 'fhe following sections show in general 
terms what combinations of some of these factors 
can be met with conventional solid fuel rockets. 
Later chapters cover rocket principles, design, and 
performance in greater detail. 

In addition to their uses as parts of projectiles, 
solid fuel rocket motors have found employment 
as thrust units for assisting the take-off of airpbnes 
and of long-range jet-propelled missiles, with and 
·without wings, for propelling oversize fins through 
the air as targets for antiaircraft gunners, and for 
projecting lines, cables, and nets for cl1~arance of 
land mines, and for other similar uses. However, this 
and the following chapters will be concerned only 
with rocket projectiles, and mainly with tl~ose types 
developed during the years 1941 to 1945 at the 
Califomia Institute of Teehnology under Division 3, 
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Contract OEMsr-418. Most of these rockets were 
adopted by the Army or Navy, or both. Ballistite, 
the double-base composition used in trench mortars, 
was the propellant used in all of these. With the 
exception of "Tiny Tim," the 12-in., 1 ,200-lb air­
craft rocket, all of them used single-grain charges. 

100 
X 4.'2 Chem.l'1ar. -

ranges by better streamlining. Another requirement 
for very long ranges is the extension of the propul­
sion phase, that is, of the burning time of the 
propellant. A fuller discussion of the range problem 
is given in 1. 

A more practical question than that of the ulti-
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FIGURE 1. Payload vs range. 

14.2 RANGE 

The maximum range of the rockets considered 
here is not much greater than 10,000 yd. Attain­
ment of very long range in ground firing is primarily 
a matter of minimizing supersonic air drag and 
secondarily one of maximizing the velocity at the 
end of the propulsion phase, since this phase is a 
small part of the trajectory length. This point is 
expanded in Section 21.2. Figure 4 of Chapter 21 
shows the effects of air drag and initial velocity on 
range. CIT put little effort into attempts to extend 

mate range is that of the range variation with pay­
load. Figure I, taken from reference 2, summarizes 
the dattt on this point, comparing service rockets 
with fixed and scmifixed shells for howitzers. It is 
appa.rent from the figure why rockets have not been 
used to a significant extent for ground or sea firing 
at rrmges beyond 5,000 yd. 

14.s VELOCITY AND PAYLOAD 

For a fixed weight of payload (head), the velocity, 
and hence the range, of a fin-stabilized rocket can 
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vary between wide limits, depending on the size 
of the mot,or or, ultimately, on the amount of 
propellant in the motor. Chapter 22 discusses 
briefly the limits on the amount of propellant which 
can be put into a fin-stabilized rocket motor of a 
given diameter. Theoretically, the problem of at­
taining maximum velocity ~s slightly different from 
that of attaining maximum propellant weight a 

because, as is apparent qmtlitatively from Figure 12 
of Chapter 22, the use of a thicker web than that 
corresponding to the heaviest possible grain allows 
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FIGURE 2. Maximum payload and velocity for a 
series of 5.0-in. high-capacity spinners with cruci­
form grains. 

a considerable reduction in motor length, with a 
consequent weight reduction which more than com­
pensates for the decreased propellant charge. In 
practice, however, when factors of propellant 
strength as well as geometry are considered, the 
shorter, thicker grains turn out to he preferable 
even from the standpoint of maximum loading 
density. Hence, for fin-stabilized rockets, once the 
maximum grain weight has been determined, the 
velocity attainable with a motor of a given caliber 
depends only on the total weight of the rocket, being 
in fact inversely proportional to it. One can attach 
to the motor a payload as large as he likes if he 
accepts the inevitable reductions in velocity and 
range. The highest velocity so far achieved in a fin-

"A fuller discus6ion of this point is contained in reference 3, 
which gives curves for· determining graphically the grain 
configuration which will give maximum velocity for any motor 
weight and payload. 

stabilized service rocket is the 1,360 fps of the 5.0-
in. h'igh-veloc1:ty aircraft rocket [HV AR]; this carries 
a 48-lb head. 

With spin-stabilized rockets there is much less 
freedom in the choice. of payloads and velocities1 

because this type of stabilization imposes mther 
rigid restrictions on the ratio of length to caliber. 
With few exceptions, heads and motors of spinners 
have been of approximtttely equal diameters. The 
relationships between velocity and payload are well 
illustrated in the family of 5.0-in. high-capacdy 

spinners [HCSR] developed by CIT. All members 
of the family have the same diameter, length, and 
total round weight. Inereases in weight and length 
of the head are associated with corresponding de­
creases in the motor and in the velocity, as shown in 
Figure 2. This illustrrttes the stringent restrictions 
on possible spinner performance. Thus a high­
capaeity spinner with the velocity of the fin-sta-
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FIGURE 3. Payloads and velocities for 5.0-in. spin­
ners and finners. 

bilized HVAR (1 ,3GO fps) would have a payload of 
less than 20 lh, and to match the HVAR's '18-lb 
payload is not possible at any velocity. The spinner 
could, of course, do a little better with a payload of 
higher average density. The comparison is shown 
in a different way in Figure 3 which assumes that 
24 lh is the maximum amount of propellant which 
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can be put into a 5.0-in. spinner motor. The curves 
show that it is only for small payloads that spinners 
are useful, but their variation of velocity with pay­
load is so steep that in the limit of very small pay­
load they surpass the :finners which have more excess 
weight.to carry. 
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ing, as a function of payload, the velocity which one 
could reasonably expect to attain with rocket mo­
tors of various diameters, but this has not been 
possible so far because not enough information is 
available on the variation in motor weight with 
diameter. The nearest approach that can be made 
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If it is desired to impart a certain velocity to a 
certain payload irrespective of the motor diameter, 
this can, of course, be done with either a spinner or a 
finner, but the latter can have a smaller diameter. 
Because of the marked increase in fabrication dif­
ficulty with increasing diameter, particularly for the 
propellant, one will not choose the spinner unless it 
has distinct advantages from some other point of 
view. 

!t would be useful to compile a set of curves show-

is shown in Figme 4, which illustrates clearly the 
importance of minimizing motor weight if high 
velocities are desired. Thus, regardless of how small 
the payload is, no rocket of any diameter can 
exceed 2,800 fps unless its ratio of motor weight 
(including propellant) to propellant weight can be 
brought below 2.0. This ratio decreases v,rith in­
creasing diameter; for service :finners its value 
averages 5.0 for 2.25-in. motors, 3.0 for 3.25-in. 
motors, and 2. 7 for 5 .0-in. motors, but extrapolation 

-
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beyond this point is extremely uncertain.b One 
spinner (the 5.0-in. Rocket Mk 7 :Mod O) adually 
reached 2.0 and has the highest velocity of any CIT 
service rocket-1,540 fps. With two exceptions, all 
CIT rockets fall within the narrow triangular area 
marked off in Figure 4. The exceptions are the 2.25-
in. subcal£ber aircraft rocket [SCAR], which is not 
strictly comparable with the others because it car­
ries no paylo~td, and the 5.0-in. Motor CIT Model 
38 (assumed to have the same payload as the 
HV AR), which was deliberately designed to have 
the lightest possible motor by accepting a lower 
safety factor (narrower temperature limits) than 
that of the 5.0-in. HVAR and other service rockets. 
It is important to note that the ratio, motor weight 
to propellant weight, is directly proportional to the 
test pressure (i.e., operating pressure times sttfety 
factor) and inversely proportional to the tubing 
tensile strength for any caliber of motor, neglecting 
heating effects.2

" (See Chapter 23.) Hence it is not 
possible to design an efficient rocket falling far out­
side the triangular are~t in Figure 4 unless one 
employs lower safety factors, lower operating pres­
sures, or higher tensile strengths than have been cus­
tomary, or unless one goes to interior-burning 
grains so that the use of light metal alloys for motor 
tubes is possible. (See Section 23.2.6.) 

14.4 ACCURACY 

The factors determining a rocket's dispersion are 
relatively involved and are discussed in Chapters 
24 and 25. Without attempting to indicate the 
rensons, we can summarize the dispersions attain­
able with various types of rockets as follows: 

1. Low-veloc£ty (700 fps or less) fin-stabilized rock­
ets fired from typical stationary launchers. With 
burning time (duration of thrust) of approximately 
0.5 second, dispersion will be large-well above 20 
mils and perhaps above 30. It can be decreased by 
decreasing the burning time, however, and hence 

b The ratios quoted are all for motors with single-grain 
charges. The 11.75-in. motor for the "Tiny Tim'' aircraft 
rocket employed a four-grain charge. With the Us-in. extrusion 
press being completed at the Naval Ordnance Test Station, 
Inyokern, California, it will be possible to produce a single­
grain charge for a motor of this size. With conservative 
design, an octoform grain of probably 175 lb could be accom­
modated. With the present charge support elirn.innted and 
\\1th the usc of lightw-eight fins, the loaded motor would weigh 
only about 330 lb, giving a ratio, comparable to those above, 
less than 1.9. Still lighter motors may be practicable. 

will vary markedly with temperature. If burning 
times are brought down to 0.1 or 0.2 second as by 
use of thin-web grains, dispersions less than 10 mils 
are attaimtble. If all the burning can be made to 
take place on the launcher/ the clispersion will, 
of course1 be only 2 or 3 mils. The short burning 
times nre feasible only with small payloads or sn.1all 
velocities if single-grain charges are used. d 

2. High-velocity (700 to 1,400 fps) fin-stabilized 
rockets fired from typical stationary launchers. The 
smallest dispersion obtained up to the present with 
conventional designs is just under 20 mils. No 
means are now apparent for improving this in 
service rockets. This dispersion is lower than that 
of eomparable slower rockets primarily because of 
the greater length of the faster rounds. Longer 
burning times are usually required for the higher 
velocities, but at these velocities changes in the 
burning time have little effect on dispersion. 

3. Ground-fired .sp£nners. Spinners to be fired at 
high quadrant elevations at ground targets must 
have relatively low stability in order to follow the 
curved trajectory; they have a minimum dispersion 
of slightly under 10 mils and frequently average 
almost 20 mils at high sngles. Five mils or less is 
attainable with high-spin rockets which are restricted 
to flat trajectories, 4 but only with extreme cal'c in 
manufacturing the parts. 

4. Forward-fired a£rcrajt rockets. Fin-stabilized 
rockets have ammunition dispersions (exclusive of 
dispersion due to pilot1 plane, wind, and sight) of 2 
to 5 mils, with the lower values corresponding to 
higher aircraft speeds. Spin-stabilized aircraft 
rockets had not been tested very extensively before 
the end of World War II, but dispersions of approx­
hnately 5 mils laterally ancl2.5 mils vertimuly were 
being obtained. e 

An indication of the relative accuracy of rockets 
and shells is given by Figure 5, taken from reference 
2, in which a fuller discussion is contained. 

14.5 CHOICE OF FIN OR 
SPIN STABILIZATION 

A first and basic decision which must be made in 
designing a rocket concerns its type of stabilization. 

• As in the bazooka. 
d With multiple-grain charges, larger loads can be given 

higher velocities, but only by accepting higher motor weights. 
" This development was continued under the Bureau of 

Ordnance. 
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The relative advantages of the two types can be 
summarized as follows:f 

I. Simplicity and cheapness. A given impulse can 
be obtained with a fin-stabilized motor having a 
considerably smaller diameter than the necessary 
spinner motor. Because slim grains are cheaper 
than fat ones, small tubes more easily machined 
than large ones, and single nozzles cheaper than 
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particular, they are easily adaptable to automatic 
launching, as finncrs are not unless the velocity is so 
low that a motor of diameter approximately half 
that of the head or less can be used with a ring tail 
(e.g., 4.5-in. barrage rocket and 7.2-in. antisubma­
rine "1\l[ousetrap" rocket). 

5. Aircraft armament. For firing forward, finncrs 
seem to be slightly more accurate, they can carry 

"" 
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FIGURE 5. Dispersions of rockets and shells. 

canted multiple nozzles, almost any rocket job can 
be done more cheaply by a finner than by a spinner. 
Also, launchers for finners are usually lighter and 
less complicated. 

2. Payload. For a given diameter and velocity, a 
finner can carry considerably more payload than a 
spinner because of the absence of a length restric­
tion. Hence, if the caliber is :fixed, there are many 
rocket jobs which cannot be done by spinners at all. 

3. Accuracy. Except in the limited region where 
very short burn.ing times can be used, greater 
accuracy is attainable with spinners. 

4. 1I andling. Their stubbiness and lack of pro­
jecting fins makes spinners more easily handled. In 

1 See also :reference 5. 

larger payloads, and they can be fired from simple, 
external, low-drag launchers. Spinners, but not 
finners, are readily adaptable to firing from within 
the wings or fuselage. For firing in other than the 
forward direction, only spinners offer possibilities. 

6. Underwater stab·ility. Finners can be made 
stable for considerable lengths of underwater or 
underground trajectory, whereas spinners probably 
cannot. (See, however, Sectio11 25.9.) 

7. Versatility. Spinner heads and motors must be 
matched to each other for each application, one type 
of round for aircraft use, another for accurate, flat­
trajectory ground fire, and a third type for high­
angle fire, necessarily less accurate. A single finner 
motor, on the other hand, can be used with many 
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heads for many purposes; in ground fire any of the 
resulting rounds can be used at all angles of eleva­
tion. Most commonly, finncrs are employed at high 
angles, with low accuracy, for area barrages. 

H.6 EFFICIENCY OF 
ROCKET ARTILLERY 

Questions have been raised frequently as to the 
efficiency of rockets as compared to other forms of 
artillery. These questions are applicable, of course, 
only in those situations in which it is possible to 
achieve the desired effects at the target with at least 
one of the other forms of artillery-field guns, ma­
chine guns, aircraft bombs, aircraft cannon, etc.­
and only when the alternate form of artillery can be 
made available in the necessary quantity at the 
necessary time and place. 

The efficiency of artillery can be evaluated in 
various ways. Rockets can be compared (idealisti­
cally) with guns in terms of "thermodynamic effi­
ciency," measured by the ratio of the kinetic energy 
acquired by the projectile to the total energy re­
leased by the burning of the propellant. Overlook­
ing heat losses, this reduces to "propulsion effi· 
ciency ." A simple comparison is that between the 
amounts of the same propelll'mt needed in a gun and 
in a rocket to give the same velocity to projectiles 
of equal masses. On this basis, rockets are con­
siderably less efficient than guns-for example, to 
give a 25-lb rocket it velocity of 700 fps, 2.5 lb of 
propellant are required, more than ten times the 
amount needed in a mortar to fire a shell of about 
the same weight at this velocity. 

An explanation is provided by the principles of 
mechanics. In each case the energy available from 
the powder is divided between the projectile and a 
second agency in such a way that the momentum 
(product of mass and velocity) of the projectile is 
equal to and opposite to that of the second agency. 
\Vith a few simplifying restrictions, we can make the 
following tmalysis of gun and rocket action: 

1\I 1 "= mass of the projectile. 
Jf2 = mass of second agency. 
TT1 velocity of projectile. 

Y1 ""' velocity of second agency (in free recoil). 
M 1V1"" momentum of projectile. 
Jf2Y2 ruomentum of second agency. 
E1 HJ11ItV12 energy absorbed by projectile. 
E,""" ~.i}J2V,2 = energy absorbed by second agency. 

From the law of conservation of momentum, 

~vi 1 v 1 .M2V2, (1) 

from which 

V _ 2vi1lr1. 
2 - 1'\;[2 

From the preceding definitions, 

E2 = Y2l'l!f2 V22
, 

so, from equation (2), 

E2 = v; ivf. ( .ZVhf'. I) z 
/:.~ < (1112) 2 ' 

which reduces to 

and, from the definition of E 1, 

E = E (MJ). 
2 \21J"2) 

(2) 

(3) 

(4) 

(.j) 

(6) 

In a gun, the second agency includes all the re­
coiling components. As the last eqm'ttion indicates, 
the energy absorbed by these is less than that given 
the projectile by the ratio M 1/ 1v12 of the mass of the 
projectile to the much larger mass recoiling. Thus 
most of the energy goes into the projectile. In a 
rocket, on the other hand, the second agency is the 
propellant gas ejected at high velocity, and the 
energy this absorbs is more than that given to the 
projectile by the ratio .M 1/ M 2 of the projectile 
mass to the much smaller mass of propellant. For 
service rockets the ratio M J/ kl 2 varies from 5 to 
40, that is, the projectile may receive as little as 
1/to of the energy available from the propellant. 

In the preceding analysis, the gun suffers by the 
assumption (true for rockets) of free recoil. The 
effect of restraining the recoil of a gun is to increase 
the "efficiency" beyond that indicated in the pre­
vious paragraph. The amount of propellant re­
quired in a gun is proportional to the square of the 
projectile velocity; in a rocket it is proportional to 
the first power. Consequently, the apparent "effi­
ciency" advantage of the gun becomes less spec­
tacular at higher velocities. However, as shown in 
Figure 6, it is maintained well beyond the velocities 
obtainable ">ith service rockets, with their rela­
tively short burning time . .Another factor not cov­
ered by "thermodynamic efficiency" becomes more 
important at the higher velocities; the percentage of 
payload in the rocket becomes less. 
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More important than efficiency in the use of the 
energy available from the propellant, from the prac­
tical standpoint, is the concept of "military effi­
ciency." This involves a comparison of the amounts 
of effort required to inflict specified damage on the 
enemy by various means. This is, of course, an 
extremely complex problem, but one factor in it 
can be evaluated by considering the ratio of pay­
load delivered to the target to the total weight of 
material which is to be transported to the firing 
point to deliver that payload. In the matter of 
weight, the roeket has a great advantage because its 
launcher is so light. The weights of the standard 
launchers (most of them automatic or multiple) 
for fin-stabilized ground-fired rockets range from 7 
to 37 lb per round. Although an exact comparison 
with guns involves questions of rate and amount of 
fire required, the aclvantt-tge obviously lies with the 
rocket.· 

On the other hand, the rocket suffers from the 
disadvantage that it must carry along its motor, 

which is usually dead weight from the standpoint of 
usefulness at the target. This handic~1p increases 
with velocity. Hence the velocity or range required 
affects the cboice between roekcts and guns as to 
whether a given amount of payload can be de­
livered to the enemy with a smaller total weight of 
equipment. An analysis 2 based on the average 
weights of various kinds of equipment yields the 
graphs shown in Figure 7. At the points of inter­
section (which are marked) between the shell curve 
and a rocket curve for a particular range, the total 
amount of equipment necessary to lay a given quan­
tity of effective ammunition (payload) on the 
target will be the same for both rockets and shells. 
Below these points, rocket propulsion will be more 
"efficient." Evidently it is at short ranges that 
rockets have the most distinct advantage, in con­
trast to the situation for thermodynamic efficiency. 
During World War II, large numbers of rockets 
were used for area barrages at ranges from 1,000 
to 5,000 yd. 



Chapter 15 

ROCKET HEADS 

By C. W. Snyder 

15.1 SIMILARITY TO 
SHELLS AND BOMBS 

nocKET HEADS, exelusive of their fuzes, have 
_l'-. been the subject of relatively little experi­
mental investigation. In many cases they have 
been adapted with relatively minor modifications 
from standard shells or bombs, which is reasonable 
since they are intended to do substantially the same 
job at the target. From the point of view of per­
formance at the target, the problems of exterior 
contour, optimum well thickness, steel composition 
and heat treatment, etc., for rocket heads are 
generally similar to those for the corresponding 
shells or bombs. 

15.2 ALIGNMENT 

The relation of the head to the motor does present 
certain unique problems, of which the foremost is 
the mattE~r of alignment. The meticulous care which 
is taken to assure proper alignment of nozzle axis 
and motor tube to ensure low dispersion is obviously 
of no avail if the center of mass of the head is far 
from its axis, so that comparable precautions must 
be t~1ken in head manufacture. Well thicknesses 
must be relatively uniform, filling must be sym­
metrical, and threads for attaching to the motor 
must be machined so that their axis passes through 
the center of the m.ass of the head within the re­
quired accuracy. It has been customary to use the 
same thread specifications on heads as on motors 
(see under Alignment in Section 23 .2) although 
obviously the precision required for head threads 
depends markedly on the length of the head and its 
weight relative to the total rocket weight. ln. any 
particular case, it is necessary to calculate the effect 
that various types of head malalignment have on 
the overall round malalignment and adjust toler­
ances accordingly. If the head is the major portion 
of the rocket weight, it may be desirable to balance 
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each one.a For fin-stabilized rockets, the goal is to 
keep the possible overall malalignn1ent of the round 
under about I/w degree. Although the limit for 
spinners is not established there arc clear indications 
that dispersions as low as 5 mils (mean deviation) 
are unattainable unless each main component, and 
preferably also the 11ssembled round, is dynamically 
balanced. 

l5.s LEAKAGE AND HEATING 

The base of the bend serves usually as the front 
closure of the motor chamber; its exposure to the hot 
gas in the motor creates problems in some cases. 
Thus, at one time, concern was felt about the heat­
ing of the TNT in the head until tests showed that 
for the short burning times being used 7i in. of steel 
was sufficient insulation. Inferior steel ba.r stock 
may sometimes contain longitudinal 11pinholes," 
however, so that a certain amount of care is still 
required in manufacturing the base portions of heads 
and the connectors between rocket motors and heads. 

Gas lealutge around base fuzes presents a similar 
problem, which is discussed in greater detail in 
Chapter 16. 

15.4 JOINT STRENGTH 

In cases where the motor is required to remain 
at,tached to the head after impact, the strengt,h of 
the joint between the two becomes critical. For this 
reason the underwater heads for the 3.5-in. aircraft 
rockets have long 11skirts" which extend back of the 
threads, and the 5.0-in. high-velocity aircraft rocket 
heads have their connecting threads 3.5 in. forward 
of the base (see Figure l). A similar construction 

• Methods for balancing the heads of fin-stabilized rockets 
are given in reference l. Spinner heads require dynamic bal­
ancing; equipment for this is discussed in a CIT finalrepm·t on 
testing of rockets. 2 
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was originally adopted for "Tiny Tim," the 11.7.5-
in. aireraft rocket, but was abandoned for various 
minor reasons after tests showEJd that it was not 
required to prevent breakup on water impact. It 
may be that it is neecssary, however, to minimize 
the frequeney of breakups on ground impacts, so 
that a redesign will be required if the potentially 
long underground trajectory of this rocket is to be 
utilized (sec Chapter 24). 

:----- <t:o ----+1 

A 

?>:260 -t-.OtO 
-.000 

3:2.50 +,000 
-.005 

B 

FIGURE 1. Reinforced motor-head connections for 
aircraft rockets, (A) HV AR, (B) 3.5-in. AR. Di­
ameters of critical surfaces are shown. 

l.lii.s SPECIAL HEAD SHAPES 

The shape of a rocket head is usually important 
mainly from the standpoint of effectiveness at the 
target, i.e., achieving mftximum blast effect or most 
efficient fragmentation. Occasionally, however, the 
shttpe may affect the trajectory to the target. The 
first case of this kind was encountered with the 
antisubmarine rocket [ASR], which is shown in 
Figure 1 o.f Chapter 18. The flat nose of its head 
was originally copied from the British "Hedgehog" 
projeetile,b and extensive underwater trajectory 
tests at CIT soon demonstrated that it was superior 
to various other nose shapes suggested because its 
use resulted in smaller forward travel after impact 

small spigot-projected antisubmarine depth bomb. 

and less deviation from the mean trajectory. The 
reason apparently is that its very large drag causes 
it to be decelerated to less than its terminal velocity 
during the first 10 ft of underwater travel, after 
which it sinks almost vertically \Vith increasing 
speed. The underwater behavior of the ASR and of 
its cousins the YAH's" with various head shapes, 
tail shapes, fuzes, etc., are diseussed in many re­
ports by the CIT Morris Dam group.d 

The control of the underwater trajectory of air~ 
craft rockets is also a matter of head shape. The 
fact that fin-stabilized rockets fired forward from 
aireraft have long, aceurate underwater trajectories 
was discovered by the British, and extensive tests 4 

by CIT showed that it was possible by proper atten­
tion to head shape to increase the effective under­
water range considerably and to introduce a certain 
amount of control over the curvature of the rocket's 
path. It is well known that a rapidly moving pro­
jectile under water moves in a bubble as illustrated 
in Figure 2. The water is, of course, held in direct 

BUBBLE SURFACE 

FIGURE 2. Position of rocket under water.. 

contact with the nose of the projectile, but at some 
point ahead of the cylindrical portion of the projec­
tile the w:lter recedes from the axis faster than the 
ogival radius of the projectile increases, so that, in 
the absence of gravity, the w~\ter would touch the 
projectile nowhere except at the nose. Actually, 
the rear of the projectile drops to the bottom of the 
bubble and rides in the water deep enough so tha,t 
the force of the water on it balanCE$ the projectile's 
weight. Under these circumstances, the resisting 
foree experieneed by the projectile depends upon 
the energy imparted to the water or, in other word!::, 
entirely upon the diameter of the bubble and not at 
all upon the diameter of the projectile. The diameter 
of the bubble, and hence the resisting forc:e, can be 
reduced by means of the so-called "clouble-ogive" 

c Vertical antisubmarine rockets, also known as tetro rockets 
and retro bombs. 

d The work of this group is slllllmarized in a CIT final 
report.3 In Chapter l of this volume Max Mason gives t1n 
introductory sutvey of this work. Reports on it are Jistt~d in 
the CIT OEMsr-418 bibliography in the general bibliography 
in the appendix. 
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head; this has a small radius of curvature near the 
tip of the nose, blending into a curve of much larger 
radius which joins the straight section at the rear of 
the head. 

Since the rocket travels in its bubble with usually 
an up yaw, the reaction of the water on the nose is 
not, in general, symmetrical. An upward force exists 
which depends greatly on the shape of the ogive 
at the tip. A hemispherical ogive, since it presents 
the same appearance to the water even when rotated 
at a smaU angle, has aimost no upward force. As 
the ogive is made sharper, the upward force in­
creases. Hence, within the limits of fprce which the 

- rocket can stand ""'ithout breaking, one can obtain 
almost any value of upward force and hence control 
.the curvature of the traje<~tory by changing the 
sharpness of the nose. 

Three typical heads for the 3 .5-in. aircraft rocket, 
and their performance, are shown in Figure 3. V ari­
ous other head shapes for 2.25-in., 3.25-iii., 5.0-in., 
and 11. 75-in. aircraft rockets are discussed in re­
ports issued by CIT under Contract OEMsr-418. • 

A rocket penetrates earth or concrete in a manner 
essentially identical with that in which it penetrates 
water, so that the theory of head shapes should be 
the samf?. This is, in fact, found to be the case, 
except that the forces in solids are much grea~er 
than.in liquids so that restrictions on possible head 
shapes are tighter. Also, as mentioned previously, 
the strength of the joint between motor and head is 
mucli more critical. The underground trajectories 
of aircraft rockets with various heads are discussed 
more fully in Chapter 24. 

• See the CIT OEMsr-418 bibliography in the ge~1eral 
.bibliography in the appendi.'<. 

---. 

A 

.B 

c 
FIGURE 3. 3.5-in. underwater heads. 

A. Single-ogive Mk 1 
Deceleration coefficient 0.0136 
Radius of curvature 200 ft 
Distance to half velocity 51 ft 

B. Sphere-ogive 
Deceleration coefficient 0.0065 
Radius of curvature infinite 
Distance to half velocity 107 ft 

C. Double-ogive Mk 8 
Deceleration coefficient 0.0069 
Radius of curvature 620 ft 
Distance to half velocity 100 ft 

I 



Chapter 16 

ROCKET FUZES 

By C. W. Snyder 

16.1 GENERAL REQUIREMENTS 

nocKET FUZES, like those for bombs and pro­
ft jectiles, have two prime functions: (1) to dis­
perse, ignite, or, usually, detonate the contents of 
the rocket head under the proper circumstances, 
and (2) to prevent such actions under all other con­
ceivable circumstances. Because these two basic 
requirements are distinct, a fuze mechanism can 
usually be thought of functionally as two sets of 
interrelated mechanism: (1) the firing mechanism, 
which performs the end functions, and (2) the ann­

ing ·mechanism, which prevents firing until com­
pletion of a sequence of operations which depend 
on some of the phenomena associated with the 
launehing and flight of the rocket. Arming is com­
pleted when all of the elements in the explosive 
train, loosely called the "detonator," are uncovered 
and in line with the firing pin, ready to function on 
impact or some other stimulus. 

Fuze design is a specialized business, consisting 
mostly of modifications of a relatively few basic 
types so that they are usable with rockets with 
drastically different characteristics of pressure, ac­
celeration, burning time, and tactical use. It can 
only be summarized here, mainly from the more 
complete discussion of wartime fuze work at CIT 
given in a Rocket Puzes.1 The following discussion 
shows how fuze problems may affect the design of 
other rocket eomponents and indicates the general 
types of fuzes worked on at CIT .L With one excep­
tion, all these fuzes are meehanical and differ from 
standard bomb and projectile fuzes mainly in their 
methods of arming. With the same exeeption (the 
fuze for ejection of "window"), firing of all of these 
fuzes is aeeomplished by percussion, by the im­
pinging of a firing pin on a pellet containing a small 
quantity of sensitive explosive. 

• One of the final report volumes issued by CIT under 
Contract OEMsr-418. 

b For information on other rocket fuze developments in 
NDRC, see (1) references 2 and 3; (2) Division 8 Summary 
Technical Report on fuzing of shaped-charge heads; (3) Divi­
sion 4 Summary Technical Report on proximity fuzes for 
rockets. 

The safety requirements for rocket fuzes are sub­
stantially the same as those for other projectile 
fuzes: the arming system should provide restraints 
on the firing mechanism, and these restraints should 
remain effective under the forces of transportation, 
handling, loading, and launching. Many of the 
roeket fuzes developed during World War II do not 
entirely satisfy the usual safety requirements. 

These requirements are usually more difficult to 
meet in rocket fuzes than in projectile fuzes, because 
of the smaller margins between the forces imposed 
by careless handling and those available for nctua­
tion of the arming mechanism. For this reason it is 
frequently necessary to utilize for arming a com­
bination of forces such that the probability of their 
simultaneous occurrence under circumstances other 
than launching and flight of the rocket is negligibly , 
small. In most rocket fuzes, as in projectile fuzes, 
arming is made to depend on phenomena associated 
with launching and flight of the projeetiles in whieh 
they are mounted, and is completed only aHer a 
period of projectile flight. 

16.2 METHODS OF ARMING 

The initiation of the arming process in many fuzes 
for fin-stabilized rockets, especially those fired from 
aircraft, depends on withdrawal of a wire, similar to 
the arming wire used on bomb fuzes. Among the 
arming methods not dependent on the conditions of 
rocket launching and initial :flight are water pres­
sure, spring-driven flywheels, and deceleration 
changes. These methods are used only for special 
target situations. Most rocket fuzes depend for 
arming actuation on one or more of the following 
conditions associated with projection; note that two 
of these conditions are peculiar to rockets. 

Acceleration Forces (Setback). In guns, the accel­
eration of the projectile is very large (14,000g," for 
example, in 5.0-in. naval guns) so that setback can 

c g = 32.2 ft/sec 2 = acceleration of gravity at the sutface 
of the earth. In this example, each element of the projectile 
is accelerated by a force 14,000 times its weight. 

129 
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l'CH<Hiy be \ISCd ns a primary arming fon:c. In 
rockets, 0 11 lh<) other hand , acceleration is nol only 
sma ll, being never mor~- than IOOg in ('f'J: t·ocl<cts 
nnrl in extreme cases falling as low as ag, but al•o it. 
varies oveJ' it wide nHlf!C with t he pl'opctlant tem­
perature. J:lence scl.bn<·k c;uinol safdy he used :ts a 
prim:ll'Y arming force except in conj wlcliou with 
other forces. h is often used to delay complct.ion of 
arming u11til the end of bu•·niug . 

Wi,id Force$ . The force provided by the wind 
streaming past t iH' rockt)t in Aigh t is most ft·equently 
utilized to arm nose fuzes (usually by n pr<>pell<>r) 
on finned nwkcts. On J'Ockets having supersonic 
vc·Jocitics the rdr ))n•ssurH nt. th<~ nose ('an be u:srd 
fot nnning nose fuz.cs. 

P>·essure of the Propclla nt Gas. Since tbe pressure 
in a rocket motor is relatively larg<"!} it can be} u::.;c}c! 
conven.it~nf.ly to al'tn base fuzes. The burn..ing li1ne~ 
are usua lly long enough t hat t he entrance of gas 
into the fn•c c:u1 be dela.yed so ~hllt arming docs not 
begin nn~il 1 he rocket is well beyond the !:tun .. her. 

Heot of the Pru7>ellant On.~. The hot gas catt be 
u~'"' to init iate delay powder (.rains of spc<:ial t.y pt>S. 

Centrifugal Pt>rce. l\'Iost shell fuzes make use of 
I he large 1·adi:1l fon·cs set up by the spin , and, since 
$pi.uning rockets h:Hre rat~s of spiu eomp:'Hablc to 
those of slt(·ll~, simjh r 0 1', jn soroc c;nses, ident.lta l 
fur.cs can be used for them, Tn lin·,hthili r.cd J'ockcts, 
of course, t hese forces are absenL, 

The \'Mious types of fuzes dcvelopecl by CIT 
during Wol'ld War JT wcr<> designated hy three let· 
lers, t he fi1·st to indicate tile method of M rning , the 
second the method of firing (1 for impact) and the 
third the t,\']le of )li'O.iccl ile (R for ro<·kct in a ll 
c:1ses) . T he fo!lo\\~ng lis! shows type dt.sign<lt.ions 
(1·ough ly in 1 he on ledn which development~ stmted), 
modes of ancting; tutti the :vr:trk nmnhcr~ aF-.'5igncd 
by t.hc N'nYy Bmcau of Ordnance to >P<'Cific Jur.~s 
of I hesc types: 

HIR, :lnnerl lJy Hy<h·ostatic pressure, :.\Iks 1;~;, 
and 140. 

AlR, armed by rotation of a propeller in the 
Airsf.rca m, ':V)k$ 137, 147, f.l.8, 149. 

SI H , armed by a Spring-rotated shaft., Mk 1.39 . 
N'IR, " ''med by air pressme on t he Nose, Mk 1~'1 

(never •tandardi,ed or w;cll) . 
P l H, armed by Pressure of the propelhHtt gases 

in the mohw, Nlks 146, 157,159, JG3, 16~ , JG5 . 
DDR, fl SJW<·ia l type of the PI H in which fil'ing 

depends on Deceleration Discrimination . 

16.3- AIR NOSE F UZES 

All uo:-:c fozcs whith have h::1d extensive usc on 
CIT fin-s tabiliz<•d l'<l<'kcts have been modilkatious 
of t he Al H. fuze, one of which is sbowll in I•'igure 1. 
At lc•nst I wclve modifications han been developed 

li'tGVR~ l. Mk J.J9 ( A lR) nose fuze. 

for Lhc -1.5-i>\ . bnrmge rocket, the 7 .2-itl. dtcmioal 
wnrfare rocket, Md :t il t he ail'cmft rockets from3 .5 
in . up . In a ll of t bc,m, ( I) acceleration ret.rncts :1 

setback block , t.lms unlocking a propeller wh idt , 
dl'ivcn by the nirstt·cnm, t urns a shaft. in tbreads to 
f rC!t>r Lhc firing pjn and f;Onlj>lnt.e t ht~ arming, :mrl (2) 



firing, instantaneou)!; in most c·asc.s, is by pcrcufl"'ion 
on impacL with the tar~ct; t.hc fuzes nrc poin t­
d<·tunntinp: . 

The owning charadct·i•ti<:, of A I I{ fuzt~ :II'C lillt•<l 
lo tho vnriotu; ro.·k"t~ primMily by ,·arying the .izc 
aml•hnpc of the prupdh•r nncl the piteb of its blndr~. 
For thC on air~rnft roek<•l..; at. high vcloeity 1 the• 
:I lk 149 fuze (AIH 8) hns n streamlim><l body, nnd 
it i• protec·tecl from cono~ion 0 1· from the po,;<ihilit y 
of bci ~~~ fouled with icc b,v t•udu$ing t he propeller 
iu a mrtul c.·ap whida i~ thr·own oft' by a sprin~ on 
rcwovnl of an ~lrm1n~ wil'(•at the time of iil'ing. Fm· 
"''' on •·ockcl hracl• shaped for goocl undcr\\:\ter 
t mjc•t·t ury, t be AIH I :1 hn< :1 rougbl~· bcmi,phrrical 
hod)·. Tbt• Al H 9. 10, :well I h:HI special pro)wllrr< 
and delay tletouator:-~ to nmke them 4'W:Hcr-dj~­
trimiwHing,'' to fii'C' uu or urtet unden\'a l<'l' hit:;; 
ll!(ltin•~ ships . Bcl'au~e of I h1• d ifficuJLy o( kcopit\g 
:1 llll~l' fu ze intact Jon!( <'nou~:h for it lo "l"' ''atc witb 
a delay un armor pl«l<' uf appreciable thi<·kn~<.,, 
wnrk on the,«e model~ wa~ finally abandoned in 
f:wur uf the DDR b:oS<• fuze, de;;eriht:d in tice­
tion uu;, 

l(t, t 1\'IR OSE FUZES 

Faidy cxteu.si\'e cxpcl'inlcn.Ls \\'Ort.• made \\ idl a 
•lmstit•llly cliffcrcnt type of poillt-<lelon:~linll: nose 
fu~c. the KIH. Air, '-ompn.,;.<eti ill front of the 
rocket, enters through porh !II tbe nO'C into n cham­
ber nround a sylpbou b~llow< (sec l 'igure 2), whicl> 
t·ollnp:;cs and rctract.'i the fil·jng pin, thub allowing 
tho tl<llo•u•tor s but tcr lu move iulo pla•·c a nd COlll­
pletc Lhc: ;u·ming . Dcvoloprncn ~ work 011 tlli s fuze 
\\'US not compJet<:d bC<'IliiSC it was found tb:\l, lll 
~ub$c.mi(· velocities, Uw nose pressur~ was not 
c·nou~:h greater I han atmospheric to allow lhc fuze 
lo function with sufficient rclinbilit~·. For •UJlCr­
»>IIic vcloc·ity, however, 1 ho )/ I H should bl! r~linblc, 
ami i t is suggested in Nocliet Fuz<Js 1 tbnt il s us" 
would h:1vc distinct. mlvrmtnges in t.hc following 
cu~cs: 

I . l<'or high-,•elo~i ty aircraft rockets, since the 
p<~rtinl :mning rli,tam·c t·cmlcl be illcrea•cd above 
thnt obtainable ";th ,\in fuze,<: 

2. For slow-spin lin.,.t:lbilizcd rocket" with n high 
velocity, ~incc the :,pitt is great enough to f)J'nvcnl 
I he r •·opcr fuuc·f,ioninl( of a prop<'llcr-nnning fuze; 
but not. •uflicienL to allow unuing by centrifugal 
force; 
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3 . For ~)>inner~ which uttnin their full s p111 
veloci~y on l he l nunch<~r; antl 

4 . !•'or anH!iuhmarjnc rockc(~ (al'lning by hydro .. 
dynamic prcs~urc) . 

eoov----.-1\.~l 

SHYTII[A 

LlAP-IH HINGt 
(TETRYO 

BOOSTtA 
(ltTRY1..) 

16 . .70 

FtCVIU: 2. Mk 144 (:\IR) nose fu~. 

Pllt BASE FUZES 

-r..·l echan i(;H I base r llZel" an• u:o;cd i 1'1 ptcfcrcm·c l 0 
nose fux .. ~ <•hicAy when it ;,. d~"i rNI t ha~ t he IH·atl 
detonate :tftcr impact with " ccrtniu dela~· '0 thnt 



132 ROGKET H iZES 

. i t w jll penetrate a rmor instead of blowing up outside 
it. J3ase futes are fixed by t.he inert ia of certain of 
their parts which tend to cont inue in motion whet1 
the hc11d ;, dcc:eleraLed by impact . A small delay 
(up to about 0 .011; second, t he exnct amount dt'· 
pending OJ\ t he fnm design nntl t.hl• resist:Hu:e of t he 
llirget) is thus in.hereilt in their construct ion, but, if 
longer delays arc required, they c~tn be 111;h ievcd 
by including a pyrotechnic dtllay in the fu·ing train 
(0 .02-second delay has usually been used) since the 

locking ball, which completes t he fi rst st>1ge of 
arming. 'l'he secor\d stage of a1·rning is not com­
pleted until the end of burning. 

'£o ada]>t Pl H fuzes for usc on different motors, 
the following modificat ions can be made. (1) The 
<Uameter of the inlet. orifice can be varied so t.hat 
the lenk~gc of gas into the pre.-~ure cll1tmber will be 
rapid enough to reach the necessary pressure before 
t he end of bum ing at all temperat ures expected, but 
slow enough t.o provide t he delay required for sa feLy . 

'"" 

l~ (n~) 

Frc:ur<.: a. Mk 146 (PIR) baso fuzo. 

bead itself protects t.he fu~c ft·om being crushc<l 
before the delay clement. <:an funct.iou. 

Most of the mechanica l base fuzes wbicb have 
been usccl in ClT 6n-st·abilized rockets a re modificl1· 
tions of the PIR, one of which is shown in Figme 3. 
Arming of t hese fuzes is accomplished in the fol· 
lowing manner. The n'lotor gas, Iil lered fre.e of solid 
mnl.eri>ll by the inlet screen (see Figwe 3), enters 
the pressure chulllber f,hrough t he small orific:e i11 
the inleL "crmv, so that. ptessure in the chamber 
builds up slowly during burning. The pressure 
exerts 11 force on the diaJJhr:-lgm, and , when (.he 
for1:e becomes large er\Ough, it shear·s tbe shear wire 
and depresses the arming pluugcrJ rclc-m!;ing the 

Diameters irl the r:inge from 0.0145 t.o O.Oa3 in . 
ba:ve been used. (2) The diameter of the shear wir·e 
can be v~l l'icd so that the prcssu.r<~ Jlccc.ssary for 
arming is jusL slightly le•s Lhan the motor pressure 
at t he lower temperat ure limit . (3) T he inlet sr:rcen 
a n~! cup may be replaced with other t.ypes of filters 
and shields as may be required to keep the debris 
lU\d the closure disks in the mot,or from clogging the, 
t.iny Ol·ifice. The first motot on which the Pl R f nze 
was used (the 3.25-in. Mk 7 motor) contained 11 

cellulose llC<Jbtte igniter case, t wo fiberboard closure 
disks, and some cardboard sleeves at t he front end, 
t be combination of whkh created >l consid<Jrable 
filtering problem. When this was realized, an effor t 
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was made to clean up all motors with which base 
fuzes were to be used. With the later designs con~ 
taining metal case igniters }tnd steel closures with 
"blowout patches" (see Chapter 23), much less 
clogging has been encountered. 

16.5.1 Gas Seals 

One of the crucial problems that arises when a 
base fuze is used is that of making an effective seal 
between the fuze and the head so that the hot high­
pressure gas from the motor cannot reach the high 
explosive either in the fuze or in the head. The 
sealing of the inside of the fuze itself is purely a fuze 
design problem and need not concern us here. For 
sealing the space between the fuze and the head, 
early PIR fuzes had a soft copper gasket such as 
that shown in Figure 3. No particular difficulty 
with leaks past the gasket had been noted with 
static firing in eonnection with fuze testing, but, 
when a head, in which the base fuze h~td appar­
ently been omitted so that the gas had direct access 
to the TNT, detonated low order on the launcher, 
the whole problem was extensively reinvestigated. 
The results of this investigation are discussed in 
the weekly progress reports.u It was concluded 
that copper gaskets approximately 0.050 in. thick, 
annealed soft, provide adequate sealing if (1) the 
seating surfaces on the fuze flange and in the head 
are square with the threads, are smooth, clean, and 
free from defects, and are held within close toler­
ances; (2) the gasket is in good condition; and (3) 
the fuze is screwed in with a large torque and 
seated tightly on the gasket. The tests did not show 
that prematures could result from leaks such as 
occur past a poor seal, but it was realized that this 
is a statistical matter ~mel that even small leaks 
should not be tolerated. The primary difficulty with 
the gasket seal is that no way exists by which a bad 
assembly can be detected after it is made. 
. As an alternative, gas seals of the type used in gun 

projectiles were extensively investigB,ted. o.. In these 
seals, a copper-encased lead "gns check'' is forced 
into a triangular groove, the sides of the triangle 
being the edges of the rocket head and the fuze 
respectively (see Figure 4). Such gas checks were 
found to be entirely satisfactory if crimped in place 
with sufficient pressure, even when the parts were 
poorly assembled or had scratches or gouges on the 
seating surfaces or threads not at right angles to the 

seating surfaces. The condition of the gas check as 
seen on a visual inspection was, within limits, a 
satisfactory eriterion of the effectiveness of the 
sealing. As a result of these tests, this type of gas 
check has been adopted for all base fuzes (see 
Figure 5) except those in which the fuze and the 
motor adapter are made in one piece so that no 
space for leakage exists. 

A 

B 

FIGURE 4. Gas check ring (A) undeformed and 
(B) as actually used. Center is lead and jacket is 
copper. Illustrations are about 12 times actual 
size. 

16.6 DDR BASE FUZES 

As is apparent from Figure 5, the DDR is a 
modification of the PIR from the standpoint of 
arming mechanism, but its method of firing is so 
unorthodox that it has been given a special designa­
tion-the "deceleration-discriminating" fuze. It 
was designed for use with the aircraft rockets which 



134 

INLET-VALVE BALL 

IN LET-VALVE 

INLET-VALVE 

INLET-VALVE PIN 

DIAPHRAGM 

LOCATING PIN 

ARM I NG-5 LEEVE 

(45° OUT OF POSITION) 

8 

D 

l_ 

. CLOSING PLUG 

BOOSTER DISK 

ROCKET FUZES 

0 
II I I I I I II I 

SCALE (IN.) 

INLET VALVE 

PLUG 

ARMING SLEEVE 

PLUNGER-PIN 
COLLAR 

"-DETONATOR-PLUNGER PIN 

~STAKING PIN 

l 
8 

LEAD-IN 
CLOSING DISK 

LEAD-IN CUP 

BOOSTER PELLET 

FIGURE 5. Mk 166 Mod 1 (DDR) base fuze. 



ANTISUBMARINE l<'UZES 135 

have stable underwater trajectories, and its opera­
tion may be described briefly as follows. The initial 
impact (on water or tnrget) unlocks n trigger 
mechanism which is controlled by the deceleration 
of the rocket. Nothing more happens as long as the 
deceleration remains more rapid than that which 
accompanies high-speed underwater travel. Decel­
eration during armor penetration is, of course, much 
more rapid than this. When, after exit from the 
armor, the rocket is traveling through the less re­
sistant air, the slow deceleration causes release of a 
spring-:wtivated firing pin which initiates the ex­
plosi~e train. Thus the fuze satisfies the bt"tsic 
requirements for the attack of heavy ships­
whether the hit is above or below the water line, 
the fuze detonates ttfter penetmtion, but does not 
detonate during impact on the water or on the 
ship. Since its functioning is independent of time 
delays and of length of underwater trajectory 
(within limits), it is effective against armor of any 
thickness which the rocket will penetrate, and it 
does not require great precision in the firing of the 
rocket. 

For usc against certain land targets such as caves 
and pillboxes, the DDR fuze has special advantages, 
since, instead of detonating with a fixed delay after 
the first impact, it waits until the rocket penetrates 
the first obstacle completely or is brought to rest in 
it, thus considerably increasing the destructiveness.<~ 

Although the DDH fuze was developed too late 
to have any service use in World War II, some 
general remarks about its tactical use can be madeJa 
Obviously a fuze of such unorthodox characteristics 
will be most effective only under very special con­
ditions. To be Ufleful under water or under ground, it 
must be used on a rocket which has a stable under­
water or underground trajectory and does not break 
up; the characteristies of such rockets are discussed 
in Section 24.9. The fuze is rugged and will function 
after impact at not too great obliquity on fairly 
heavy plate, so that, if the full potentialities of the 
fuze are to be realized, the head must be equally 
rugged. Thus good results were obtained in experi­
mental firings with the 5.0-in. R.oeket Heads CIT 
Model 35 and Mk 2 Mod 2 having solid and heavy 
noses (adaptations of "special common" type pro­
jectiles). The only heads used during World War II, 
however, for reasons of availability, were modifica­
tions of the 5.0~in. Mk 35 AA common shell, which 

d See reference 6 for discussion of its use in the 11. 75~in. 
aircraft rocket against caves. 

has a hole in the nose and thin walls so that it 
breaks up on relatively thin plate. In such a head, 
the DDR. would serve no useful purpose. 

16.7 ANTISUBMARINE FUZES 

Three fuzes for antisubmarine use on low-velocity 
rockets were designed by CIT: the HIR. or "Hydro~ 
static-arming, Impact-firing, R.ocket" fuze (Mk 
135), the HIR 3 (Mk 140), and the SIR or "Spring­
arming, Impact-firing, R.ocket" fuze (Mk 139). In 
addition, extensive underwater tests were con­
ducted on the Mk 131 and Mk 136 fuzes, which are 
two moclifications of a British-designed fuze incor­
porating underwater vane arming and inertia firing, 
and some redesign work was clone on them in the 
light of the test results. 

The two HIR. fuzes were very similar in principle, 
arming being effected by water pressure entering the 
fuze through ports in the nose and "popping" a 
phosphor-bronze diaphragm, which, through link­
ages, unlocked certain restraints and aligned the 
explosive train. They were fired by the deceleration 
on impact with a solid object, which released a 
spring-loaded firing pin. Neither fuze was used 
exten8ively in serviee, since the Mk 131 was simpler 
to make, was available in quantity earlier, and 
exhibited superior performance in CIT's underwater 
tests. Since their operation did not depend on any 
of the characteristics of the rocket, they are not of 
particular interest to us here. A full discussion of 
their design and testing is contained in Rocket 
Fuzes;! diagrams and photographs can be found in 
references 7 and 8. Numerous CIT publications dis­
cuss the underwater tests of these fuzes. 9 - 15 

The Mk 139 fuze, originally designated the SIR., 
was designed primarily for vertical bombing of sub­
marines from low-flying aircraft. Since the rockets 
were fired rearwa,rd at a speed approximating that 
of the plane, their flight was somewhat unstable, 
and the fuzes had to be designed to arm reliably 
regardless of whether the rocket fell nose down or 
sideways. It was desired that the fuze fire on con­
tact with the submarine hull either submerged or on 
the surface, so that water discrimination was neces~ 
sary. To meet all these requirements, a coiled 
clock spring was used as the source of arming energy, 
accelerating a flywheel which gave the arming de­
lay. Water discrimination was achieved by making 
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i~ pOint-detonating. The fuze {un•·tioncd ~ntisfnc· 
torily hut AAW little scn·ice use bec:\U•e uf th~ •I•·· 
('lilll" or int("rf'.,;;t in \l('rtit·al bombing. "'o dNnilcd dW:u~sion oi the fuz" will bt• gh·•·n 
ll!'rt'. lnfurrnntion on it tnay be found in /IQ('k<l 
Frat:ts,J in reference 81 and in Yarious C IT pub· 
licntionf'.1"'1 , , 

BASE FUZES FOR 
WINDOW RO CKETS 

Tu cjtct the payloiul of <-lnllradar .. window'' frflm 
the hcnd~ Of 3.5-in. rOCkNS at the proper Will-(!' and 
lll'ight, a tim(~ fuzr WlH• required. and thC' simpiCl:il 
'ucb device :oppcarcd to be a po\\(ler tr:oin 111 thr• 
ha.e of th1• h~nd, initintffi by the motor J!U'C'· A 
pcrcu,.ion-nctunt~l dynamite-fuze ejector unit •lc,· 
i~tnatcd the Dl'- 5 "'"" develo]:>ed by CIT. Shnwn in 
]~igurc (), it c·onsists. of a pla~tic· ("~\~(' contninihR 
:1pproximntcly 21l g of FFFG black pow.lc·r. within 
whid• is <"nilcd ·I ).1 in. of dynamite imc (13ickiOJ'(I 
cord) •l~t:ath~d in a viuyl dlloride tuhc. T he end of 
the fuzo projects t hrough 11 hole in tbc c111l of lim 
<'U!'U und i~ (lCm<•nf,ccl in place, and a shoJ't lcugt.h of 
Q1dckmntch, held in contact with t he end uf ll11• fur.•· 
by IL mct.n l cli p, assures c~1sy ignition . Ignition is 
t\ccompUHhcd by thtl fir ing uf a .32-calibcr blnnk 
cartridge comnin.ing approximately 01\e-fourth uf 
it~ normal powder rhargc. A firing pin attached to" 
d.inpbrngm sets oil' the <:artridge when tht' pre,..,ure 
build$ up in 1he motor. 

The le:<l3 invol\'cd in de,·eloping the J)l' 5 t1rc 
d.isC\ISSCd in detail in reference 20. The prirll'ip:~l 
cl.iffirultic;; cnt"Ountcred were: 

1 . A design of firing pin was required which wnultl 
n<>t a llow gas from t he mot or to lellk into the h~utl 
thJ'OUgh the hole thut. wit.~ frequently opened io llw 
cnrtridgc when it fired . Gas leakage inlo t.lll' lll'ud 
reduced the ejection t ime beca use t he dynamite fur.•• 
bm·ned moru mpidly <'Lt. bigher prt~~'i~\U'C, and in 
extreme cases t hegns pressm·e blew lhc paylu:cd m•i 
uf tht' h~ad. 

2. l'remn!Urc ejections were frequently obtuinc<l 
becuu•~ the fuz<' burned t hrough the s ine nnri i~tolitcd 
the block powder. This was eliminated by the 
vinyl chloride shcat h. 

a. Errutic burning rates of the fuze cnu.OO h>• 
the buildtng up of pressure from its own gu~ were 
climinntcd by \'enting into the payload, which wn~ 

N>lntively porous nml prm·idcd 11 .utlit'icnt \'Olume 
•o thnt the pressure rise wn' &lllull. 

Ahlumgh the DC-i.i d~ work •ntisf:\ctorily 
and wn::. u:red in sen·i<-e. ton~idC'n\hly better design., 

FJOuHf~ 6. D U-5 dP.It.y ejt.1ct.or ehnrgo fOl' window 
w1cket heads. 

from lhe slandp<>int of ruggedness, compacLuess, 
nnd ,:implicity are 1>0ssible using fu1.t~ mntl'rin1s hav­
in!( •olid rnt her than fW~C0\18 producb. CI'l' tests 
on two such units dc.<igned b~· the C'ntalyst Research 
Corporotion are also ~U<..."('d in l'('fercnce 20. Al­
though nf"ithf'r was sntisfnctor~· a .... it wm~. furtlwr 
research might rentedy tl11• clt'fl'ti". It mn.y be 
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possible to initiate the fuze by the heat of the motor 
gas itself, thus considerably simplif:ying the design.• 

16.? FUZES FOR 
SPIN-STABILIZED ROCKETS 

All fuzes mentioned previously were developed 
for fin-stabilized rockets. Development work on 
spinner fuzes was not nearly so extensive because 
the advent of spinners came fairly late in the CIT 
work and because standard projectile fuzes, nearly 
all of which are armed by centrifugal force, C}tn be 
used with little modification. For the 5.0-in. Rocket 
Mk i Mod I, the base fuze Mk 31 Mod 0 was used 
without any modification. Only very minor modi­
fications were made to the Auxiliary Detonating 
Fuze Mk 44 Mods 1 and 2, which are used with the 

'·' Earlier work by the Catalyst R~~scarch Corporation >rith 
Section H of Division 3 on the development of gasless delay 
units for ejecting parachute flares from the heads of 3.2.5-in. 
rockets is covered in its final report listed in the general 
bibliogmphy. 

ln 1942 some development wol'k was done by Section H, 
working with the Navy at the Naval Powder Factory, Indian 
Head, Maryland, on a delay-ejection device in which the 
action was initiated when the propellant gases in a rocket 
motor heated a metal tube to melt solder within it, to release 
a pin,21,22 

nose fuzes of all but one of the spinner models de­
veloped by CIT. 'rwo point-detonating nose fuzes, 
the Mk 30 Mod3 and the Mk 100 Mod 0, have been 
used on service spinners; both of them are modifica­
tions of the Army M 48 fuze. 

In adapting fuzes to various spin-stabilized rock­
ets, the important faetor is to have the arming 
occur as close to the end of burning as feasible. 
It may be necessary merely to use a spring with a 
different tension so that the arming mechanism will 
be ~wtuated at a different spin velocity. For rockets 
fired at long range, the spin may drop to 75 per cent 
of its maximum value, so that, if the arming is 
reversible (as is the case with both the Mk 30 and 
Mk 100 nose fuzes), it must take place nt less than. 
75 per cent of maximum spin (corresponding to 
approximately half the burning distance) if the fuze 
is not to become unarmed again before impact. 
Since centrifugal force increases with the distance 
from the axis, a detent which has moved out and 
armed .the fuze at a pitrticular spin velocity is· ex­
erting considerably more force than before. It is 
therefore possible to arrange that the arming process 
will not reverse until the spin has dropped consider­
ably below that at which it occurred. The factors 
involved in obtaining this "unbalanced" condition 
are discussed in Rocket Fuzes .1b 



Chapter 17 

ROCKET LAUNCHERS 
By C. W. Snyder 

17.1 INTRODUCTION 

I N THE lJEVELOPMENT of an effective rocket 
weapon, the proper design of launcher is no less 

important than that of the projectile itself. Never­
theless, the space devoted to launchers here will be 
small because their problems are for the most part 
nlmost indistinct from those of the rocket itself 
and because they are discussed fully in two of the 
CIT final report volumes.l· 2 

Many types of launchers have been used, varying 
in complexity from simple cardboard tubes or 
wooden troughs to elaborate mechanisms for load­
ing, aiming, and firing by remote control. N n.turally 
many considerations enter into launcher design. 
The starting point is the tactical employment, the 
round to be used, and the platform or vehicle on 
which the launcher is to be mounted. These will 
determine the nature, length, and number of the 
guides, the nature of the mount, the electrical sys­
tem, and the type of fire control. Consideration 
must be given to the control of the rocket blast and 
to such factors as the means of loading, protection 
from weather, and limitations on shipping volume 
and handling weight. These considerations for 
rockets fired .from aircraft differ so radically from 
those for rockets fired from stationary platforms or 
surface vehicles that it proved efficient to have two 
distinct groups to handle the two types of launcher 
problems. This division will be observed in the 
following discussion. 

11.2 SURFACE LAUNCHERS 

In Rocket Launchers for Hurjace Use 1 a thorough 
discussion of the problems of launcher design .for 
surface-fired finners and spinners is given, with 
complete descriptions and illustrations of all launch­
ers which saw any service use. We shall not attempt 
to duplicate t.he material here. 

17.2.1 Launcher Types 

The basic· function of a launcher is to support 
and guide the rocket in its initial motion. Three 
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commonly used means arc rail launchers, slot 
launchers, and tube launchers. In the first the 
rocket slides on two guide rails so spaced as to 
subtend an angle at the rocket axis of 90 to 120 
degrees. The rails nre commonly made of formed 
sheet steel or small-diameter steel pipe. If the 
launcher is to be used on a moving vehicle, one or 
two upper rails may be added to hold the rocket 
clown. Because of their small weight, rail launchers 
have been used widely for the low-velocity fin­
stabilized rounds consisting of a head and ring tail 
(fins) of one diameter and a motor of smaller 
diameter. 

The guide rails are made as long ns practicable, 
to increase accuracy, but seldom more than three 
times the length of the ronneL In some cases, 
launcher length has been combined with ease of 
handling by the use of folding or telescoping mils. 

Many aircraft rockets have lug "buttons" by 
which they are mounted on slotted launchers. The 
slot is a space of about% in. between two fiat rails. 
A few slotted launchers have been developed for 
firing these aircraft rockets from ships. An example 
is the CIT Type 31C (see Figure 6 of Chapter 19) 
discussed in Section 19.2.5. 

Hather long tube launchers have been used for 
certain finned rockets in which the fin diameters 
could be limited to those of the heads and for rockets 
equipped with folding fins. In these launchers the 
tubes were of the same nominal inside diameters as 
the rounds. Tube launchers hnve found even wider 
use for spinners, for with these the launcher length 
can be reduced almost to that of the round with little 
loss of accumcy. The short length makes weight less 
important. Most of the CIT spinner launchers were 
tubular, with clearance between tube nncl round 
provided by three or four internal guide rails. This 
type o£ launcher has given the best nccuracy under 
service conditions. 

Single-guide launchers, into which only one round 
at a time can be loaded, are used for applications 
where portability is more import~tnt than rate of 
fire. For greater fire power, multiple launchers have 
been used extensively, with number of tubes or 
rails vnrying from 2 to 144. The launcher weight 
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per round is little different from that of the single­
shot launcher. A considcraHe saving in weight and 
an enormous t>dvantage in simplicity and flexibility 
is afforded by automatic launchers, which fire many 
rockets from each guide. For light rockets like the 
'1..5-in. barrage rockets, simple gravity-fed auto­
matics have displaced multiple launchers in many 
applications. Their disadvantages are (1) the pos­
sibHity of interruption of the salvo by one defective 
round or by improper feeding, (2) a considerable 
increase in dispersion caused by the effect of the 
blast of one roeket on the flight of the following one, 
and (3) a limitation on the quadrant angles at which 
the launchers will operate. Far outweighing these, 
however, are the advantages of decreased weight and 
of standardiJ.ation; a few· miscellaneous fittings en­
able the same launcher to be used either singly or in 
multiple from virtually any type of vehiele or ship. 
The primary application of multiple-guide launchers 
is for larger rockets or for tactical situations where 
vnriablc train and elevation are n~quired. a 

Finally, launchers may be classified by their type 
of mount, which is determined obviously by the 
tactical use. In certain cases (for example, the CIT 
Type GO 32-bmrcl closed-breech launcher designed 
fm use with 5.0-in. spinners against suicide planes) 
continuous variation in train and elevntion may be 
required, and some standard artillery mount has 
usually been used. Such flexibility is usually not 
essential, however, and in the interest of simplicity 
it has been the pmcbce to give launchers as few 
degrees of freedom as possible. Some launchers 
have fixed mounts, set, for example, to fire at 45-
clegree elevation and aimable only by turning the 
vehiele on which they are mounted. Most mounts 
are semifixed, that is, elevation a,ll(ljor train may be 
adjusted before firing, but not during the firing. 
The required accuracy of adjustment depends on 
the accuracy of the round and the stability of the 
firing platform. 

17.2.2 Blast 

In the design,, installation, and usc of rocket 
launchers, blast is usually an important problem. 
Although the direct blast is confined to a cone 
nano\ver than the noJ.zle exit, it may cover a sizable 

"The Navy l'<Ik 102 launeher is an exarnple of a powered 
automatic, with elevation and train continuou~ly variable 
during firing. 

area at some distance back from the round. Also, 
the air surrounding the direct bhtst cone acquires 
high velocity. On nny obstruction large enough to 
intercept all of it, the blast may exert a force 
roughly equal to the thrust on the rocket-··for ex­
ample, 20,000 lb for the 11.75-in. totircraft rocket. 
The blast can also ignite, burn, or scorch objects 
exposed to it. Hence personnel and equipment, 
including the launcher itself, must be protected 
from blast. The simplest way is to locate the 
launcher whore blast need not be. deflected, as, for 
example, at the extreme rear or outboard of vehicles 
and boats. When this is impossible, simple blast 
deflectors are used, with small recoil effects. A few 
closed-breech tube launchers have been used, in 
which the gtots reverses its direction and escapes for­
>vard around the rocket. In this case the recoil 
forces, though substantial, will not usually rival 
those of an equivalent gun because only a small 
fraction of the propellant burns while the rocket is in 
the launcher. 

In all cases, launcher parts arc (or should be) 
designed to expose minimum area to the blast, all 
auxiliary equipment is securely mounted, as far off 
the rocket axis as possible, and electrical assemblies 
are completely enelosed. 

17.2.3 Firing Systems 

Most rockets ~ne fired electrically and require a 
current of at least H ampere for reliable ignition. 
The components of a firing system are a source of 
power, a control and dist~ibution panel, and the 
sockets or contacts on the guides themselves, to­
gether with the necessary wiring. Although the 
design problems are mostly straightforward," they 
require careful attention, for failure of the electrical 
system is one of the most common difficulties ex­
perienced in rocket installations. A storage battery, 
magneto, or blasting machine suffices as a source of 
pO\ver. 

Since rockets are almost always fired in salvo, a 
control pttnel is required. This usually incorporates 
a safety plug, master pow·er switch, indicator lamp, 
push-button firing switch, and individual push but­
tons or a selector switch for the circuits to the 
launchers. Proper design here is essential to prevent 
accidental firing. The safety plug is removable and 
should be carried by the loader while at the launcher. 
Both it nnd the firing switch should be double-pole, 
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both livt~ and ground leads rurming through t.hern, 
so t.hat no sh01't circuit or error in wiring can set 
off >t round . 

Wiring and contact problems become more corn­
plicated on shipboard because of the possibilit.y of 
deposition of saiL from the spnty, whic:h may short­
circuit. the contact.s if they arc designed with im­
proper clearnn<:c, and because of t.he existence of 
~t.ray poUmiinls, somt~t imes amounting to St~ver~d 

relatively i"w basi(: elerneut.s, only >\ few , ;,·craft 
launchers have gotten beyond the test st;lge, and 
t here :u·c aliUost as many basic types as launchers. 
Consequent.ly mosc of the desig11 problems have 
been specific to a particular type. The laun<:hers 
which have reachccl service usc arc described in 
Firi1tg of Rockets f>'om A·ircraft.' Tbe:;e Hnd one or 
two ot.bers are discussed briefly in the remainder of 
this chapter . 

FtGURe. t. Vertical bombing installation unde1· port wing of P13Y-fi, loaded w·ith ASR's. 

volts, arising frorn galvanic uction or from leakage. 
In mulliple circuits wiLh paritllel wiring, undesired 
ignition may occur through "sneak circuits"; the 
loc;ation and elimination of these muy be e:-d remely 
Lime-consuming. The nature of t.be firing circuit 
depends on whethe•· single shots, ripple fire, simul­
taneous salvoR, or combinat.lons of these ate re­
quired, and the various possibilities are discussed 
in some detail in Hocl:ct l~aunclrer.,fqr SwJace U•• ·' 

" ·3 AIRBORNE ROCKET LAUNCHERS 

l n contmst to the s ituation for surface launcher$, 
where there is " gn~al nutltiplicit." of designs uf a 

Launchel'S £or Retro Firing 

For t.he attack of submarines from airplanes di­
rectly above t hem (as t•equircd by the cluu·~tctcl'istics 
of t he magnetic airbrmte detecto>· (MAD)) CIT de­
veloped i< series of t•atioot antisubmarine rockets 
IVA H.) knowo !tlso as ret r(l rockets or relro bombs. 
In usc, these w<m~ mounted under the airplane 
wings (usually) and projected baekwnrd wit.h :;peeds 
just ~uflicient to cHncel the forw,\rd speed of the 
Airpbtne, to f,,u vert.ically. The launchers adopted 
for service use with these rocket<S consisl<:t! of t)ltan­
ncls it bout 7 in. wide, 2 in. deep, and 8ft long, fabri­
cated of !+in. Dural sheet. The J·ockcts, with hcuds 
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nnd tnil< 7.2 in. in diameter. were prm·it!od ";th 
lu195 \\l<il'l<ongagod tholow~r cdl(~< of til~ eh,lmlels. 
An dectl'icall~ insul:lled spring lnt<·h :11 the forward 
c•nd nf 1 h~ lnnnthcr made elcdricnl c·clllloc·~ witll an 
insu lated dug on tlw l:l il and held the rocket ill 
rlnoc un til fil'Cfl. T he lnuuchilll-( ··IHilllH'I~. in the 
forn1 of inv<•r1NI troughs above the rockets, pro­
vided bl.,,t protection for the· airpl••n•. 

toJ>. Bot II 1.5-in. 11nd i' .2-in. rockets were tested. 
Tile other was a Dural framework for lnunching 100-
lb lxunb• b:u·kw:ml from tmder the b<'ll:< of the 
A 20C, u~ing ~ix 2.Z5-in . rocket motors for propul­
:-\mn. H f\~ults or tests uf the~e in~l ullntions arc 
dc8cl'i1Jcd in I h<' PMC' and Ni\l C 8 ke1·ics of C IT 
wr~kly l>t'OJ(I'CS< repor ts for u,,. rwd(){l from Octo bet 
l!ll2 to ) lay 1943. 

FIC\;Ft.E 2. Drawing of :'Ilk ,. launcher, showing the method of mounting and the harntonitalion adjustment. 
Roeket shown is the 3.ii-in . .AR Mod('l l. 

Tlw 1111'1 hod of attaebment ui llw l:o\lnthcrs was 
Ht'CC~:.titri1y diO'crPnt feu· f';.'ch typ(: or :til'pliHlC' . ln 
all t·us•·~ 1 hey wcte moun((!d in i!''"''I'S of from 4 Lo 
J 2 1111d "" ol'ic•n lc•d as to obtain lh~ <l••,i•·ed impact 
JmUr1·n. The only lwo i n~t:ill mious which ::.aw 
•er\'ir(• u~t· wore those on the PUY- 1\ (~rc Figttre 1), 
which had lw(\lvc launchc~ under £'t\t'h wing, nnd 
th~ TBF- 1, whieh bad a total of 8 lnunehets mounl· 
cd 011 tl><' out•icle of the bomb bay door<." 

A ron~idcrable :Hnount of cxpcrimcntftl work wa.:; 
douc on I wo other installntious, nri1 her of which 
rc~H~hrd 1 he stag(~ of scn·icc \l~r. One wa~ ;m instu l­
l:d icm com:isting of oue or mm·C' tubes passing 
rht·ou~h t.lw fuxchtgc nt an anl(lc so l hnt lluo fa.ster 
rcwkcts WCl'C dirN·ted downwur(l and buck ward and 
tbe bln"t •·nm<' out the opt•n t•ntl uf thr tube at tbc 

" Hl'JIMt~ on th<· rctro ilbitall'\tiou. .... iut-1\tll(' rt'i<'~n('e$ 1. 5. 
:md G. 

" ·•·• Rail Launchers for Forwanl 
Firing 

·\Yh{'H dc:;igns for forward .. Hring la\111Chcrs were 
Jll'llt di"<'U"-"' d, it wns realized t ha t fimwl'~ launched 
in " hi~h-\'~loeity bead wind would ha,·c •o Little 
dispNsion that it might b~ l""''iblr to have tbe 
lnunrhcr< rxt,..rncly short . The 13ritish were• using 
long >lotted raiL. mounted under the "ings for 
forwnrd-firing thdr 3.0-in. airerafl rn(•ke1s, how­
ever, and had rc•portecl tria l nnd :thnndonment of 
' W.I' ~l•orl latmchcts. h "'"" dt•!'idrcl I hnt. t he rela­
tively long Uri t.i~h-ty pc hllU\ChCI'~ held t he 11\0~t 
prom iN<' for first quick dHvelopnwnl .. Tho •·csult of 
thi> drc·i~ion wns the ) l k l >O·c·nllc•d "T-slot" 
hum(·h~r gl\own in Figure 2. rt is u Dural hox HO iu. 
long with a •,-in. wide slot ruunin~ thr full length 
of the lml'('r <iclr to engage thr twu lugs ott the top 
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of the 3.5-ill. aircraft. roc·kc't. A spring c:\tch a t. the 
back pc•·mi ts b•·ccth loadin~ and ])!'events t he rocket 
frmn slidir)g ou l tt.) l.h(• rear. Forward of this {:akh 
is a shear-wire btch which is held by a copper shc"n 
win! strong enough to retain the l'ound during 
:wrested Iandin~ but wP:'k Cn()ugh to shear undPr 
t he t hrust of tho rocket when fired . .Electrical con­
ta<:t to tlw round is JWOYidcd by ~l t wo-prong plug 
at the l'eal' of the rftil. L1ter the length vf !Itt' rai l 
wat: r<'clutcd to iO jn. fnr :tiOrnc ahplancs-. 

t :-. :~.:~ P ost Launchers for Forward 
!'ir ing 

The decision to try L:til 1a.unchcrs fi rs(. was :t n 
unforturw tc one, because within a ycnr I r·om their 
.first use they Wf>re nbandorwd, h•tiYing the~ r<H'k(·t~ 
with lu~ bancls which, dc~igned for c.he T -slot •·a il. 
were far from idt•al for t.hc htuoch('l'~ subscqw.mt ly 
designed. After flve ntonthsof work on ri\i] laurwhers 
c•xp<'l'imcnts with 11?-et·o-lengt.h'' launchers beg::tn 1 

tuld it bc;C'anw eddcnt quickly t.hat the los:; in 
n<:ctn·ncy was only :tbout 2 mils in most.. c·:1ses, not 

F·u;um~ 3. l<',·Ollt. vosl.. M post Jaunc:her \\'i th Mk 1 
HV AR motor attoched. 

enough to justify the g•·catct· weight, eomplexjty , 
~mel dmg of the n1il lmnH.:hcr:>. 

The ha"it: de"ign of all zero-lt;ngth bu tn<:h"r" (later 
officially designated "post. Jaunchel's") is the same 
except for the latth mechanisms. li\tch hunchcr 
consists of two posts under Lhe wing, oueo behind the 

ot.her . The shor t slotted rc\il of Lhe front <me> (F igure 
3) engages the standard swa y-brace type lug band 
wh ich w~1s originally designed fot· Ute long r:til 
hnlncherj ::t. nltL tongue on t.he n~ftr mu\ (Figure ·n 
.fits into a tunnel-type Jug band which is lower than 
the f t•t\nt ln~ to ensure clc>H'<l nee of the fnmt post 

F lGURJ.;- 4. Uea. 1· post of J>OSt. Jaun(:h(}J' with Mk 1 
H V AR motor attached ~md sheal' wire in place. 

when tbe rocket. is fired . The fuzc-a•·ming solenoid 
is usunll~· in t ht} frnnt posl a nti a latch ;mtl elect.ri<· 
r(:ceptacle in the renr . Various LyJlt;s of 1:\t.ches for 
holding the round on t.he launcho•· were d~,i~ncd, 
a nd at t.he end of \Vorld War II II<> dN:i>iou on ~be 
most satisfMtorv type had been •·eached . T he 
rocket hec;omc:; f1·ee immccliate"~ly after Hring 1 t lu' 
fro\>i lng bein.,; guided for only 1 J4 in . <HHl the 
rear for about )1 in . 

'rhc fir~t st,anclanl produc:liou post latHwher W<.lS 

the :l>[k 5, die-formed <\ltd spot.-welded from aluminum 
sheet. This wo•·kcd \\'Oil with the 3.5- anti 5 .0-in. 
ai rcr<tft roekets (50 nnd 80 lb) but it was insuffi­
ciently str011g for the HO-lb, 5 .0-in. high-vt!locity 
(l?:rcrajt rock11t [I1V A R.I . SA E 4 I ;JO alloy steel 
proved to be t.be besL material and was specified 
for t,ho J:>.unchcrs dcsigncll lfttel' fo•· Army plant'"· 

On most. ai rplane...: seveon'l of t.heose h\unchcrs wete 
mounted under each wing in front of the landing 
flap!; , since. jt W<l:> thought, that the usual minor 
bla~t datn:\gc occnrri11g nL the t r:.iling edges of t he 
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win~t" could be withstood belt~r hy the flops than 
by thf:\ nil<•ron!'t, which nrc wc-ukrr :md more <·ritical. 
On the I' :lS, howt•vrr , the pN>J>~IIrr <·ireles cover 
:~ lrn<"i the ent i1-c fl:tp regioH, and tluo only space 
availnbiP fo1· mounting la.unchc1·s wns in front. of the 
ailcrOil81 whC\rC tlw p roblem was ('Oil'lplicntcd b~' t he 
fad that thr winjl chord i< too •mall for normnl 
fm·o ~nd :\It ~<·t>:tral ion of wrtil'al J)O<t 1:\UI\Chers. 
To m<'<'l thi- rNtuirement. tlw tn•o-typ<' lnuncher 
(Fi~u~ ,;) w:t-. clcvdoped. Thi:-. t·onsi-<t:-o; of one 
pnir of lnrg<• posb und('r ('ach win~: earh post bas 
br:nu-lw .. whidt permit the loadin~ot o£ fiw• Nl("kC'ts in 
:t clu•tcr. 

,\ llthC>C JnUI\C,hCrs will :H'I'UI11111Udute the 3.;-,. jn, 
.\H',, tlw 5.0-in . • \H.'s nH<l t he 5.0-in . TT\'A tt's. 
~in('C lhC~t· l'o<·kf'1s hHvf' thr ~anw type i\l)d s pacing: 
of sUl'\JWn:o;ion lu~. For the 2.25~in. :-.ulwn li her prac­
t i<'<' fllll lnunit ion, whiC"h have lUJZ: bu l tons only ahout 
I~ in. :ll):lrt, :\ 'll<'ci,ll mbpl<·r ( Fi!:urc 6 ) wns de­
V<'Iopt•cl whirh is moWlted on tht.~ po~t launcher in 
thr ~uur \Hl,Y as a ~tancinrd full-('nlilwr T()(.·ket, and 
j.., hc•ld in pl:u·<" by :\ :;:}war wire'" whie'"h is :\J)J>rox-

FIGURl! SA. a.O-in. H\'..-\R's loaded on tree 
htunther undtr wing of P-38L. 

Fltt'Rt: 58. 5.0·in. 1-l\' AR's loaded on tree lnunther under wingo£ P·38L. 
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FRONT SUSPENSION BUTTON 

REAR LAUNCHER STUD 

FRONT lAUNCHER STUD 

A DAPTER l ATCH 

STEEL SHEAR WIRE 

LAU NCHER LATCH----' 

F lOUR& G. Mk 6 Jauncher :;1.ttachcd to post hwtH;h~r and cat rying SCAR. 

i matcly i wic<' as ~h·ong as that used t.o secure the 
subc·a libc•· round itself.• 

Latmchers fOt· La•·ge Aircraf t 
Rockets 

·The bis tory of clcvclopmcut of hunchets for I he 
I I .75-in . ui.rcraft rock<!L ("Tiny Tim") parallels iu 
one teiped that for the smaller forward-firing 
•·ockcts- tbe most c:omplicated type WiiS inves­
t.igalccl first and later abandonee! for t he simplest 
type . When Tiny Tim appc:u-ed on the horizon il\ 
the late spring of J!)H, c:onsirle•·otiOI\ was given to 
tbtee m"thods of launching it.: ( I ) disphcemcnt 
launchers which swing the J'ocket away fl-om th<~ 
,,i,·plnnc whi.lc holding it parallel to the line of flight 
<tnd fixe it imtomlltica iJy ~vben il J·each<'!S t he 
maximum sep:u·ilt.ion; (2) clrop launchers which 

t ).ton~ <·Omplctc informot.ion Oft all M tht~! lamwhcl'$ is 
~l V;til:.lblc in mnuy reports l i~tcd ~mdcr ContrAct. Ol:::'\ fsr-4lS 
it\ the g('uCritl bihliography in tltc ttpp<•udix. 

relea.sc Lhe rocktJL :wd ign ite it subsequently by 
means of a lanyard o1· time delay device; and (3) 
fixed lnun chcrs which fire (.he rocket from t.hc 
carrying position in the same way as for smaller 
rockets. It seemed fai1-!y certain that fixed launchers 
of ;l <!(;Optahle lengt1h and dr::tg would not, providu 
enough sepamlion to p1·event blast damage; subse­
q uent tc$\s shower! this to be t he c"se cxcevt fm· a 
few vety rugged aircraft . The drop hlU I\Cher was 
mccllauically simple but was expected to give large,· 
dispersions and hence rcquinJd dd.ailcd stutly of its 
ballistics; thus it promised t.o be a telativcly long­
tcml development . The displacing gc,u· »ppcm·cd 
I o ofrer the best possibility of being put into service 
qtti ckly, since it promised t.o provide adequate 
separation without. lo~s of ac<:un:tcy. 

The displiu:ement launcher consists essentia lly of 
t w<J para llel arms of equal length, with their upper 
ends al.tac;hcd to tl1c Lwo pivots on (or in) the air­
plnne. A lntch on t.be rear a rm cngnges a lug on the 
l'ocket; to hra.cc ag~linst. side $WHY; latc;hcs on thf; 
front ann hold i.he rocket. by t wo lugs 0 11 lhc for-
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ward lug uand . Aftet· the rocket. is mounted on t be 
launcher , it is swung up and back to the C>lrrying 
po~it.ion, where it is held by a standard bomb rack. 
In operation, the bomb rack is tripped, and t he 
rocket swings dcnvn on t he launcher ~rrns by 
gn•vity. As the arms approach t he bot. tom of theit· 
swing, ihey actuate ~l.. rni<~r<Jl)WiLch to ignite the 

-· 

ical and st.ntctural upkeep problems; (2) illllctivation 
of the bomb bay for other purposes when installed 
internally (;•~ on th(' TBF) O J' (3) excessive air d.t·ag 
when installed externally (as on t he F4U); '1nd (4) 
interference with sighting because the centrifugal 
fotce of the rocket in its circulne path causes a 
pitcbittg of the ait·plane which was as much ''s 20 

Frcun~ 7. DrOJl Jaunching of 11.75·in. AR from FGF. 

rocket molor >tnd by cam action release tbe lug 
latches. The rocket propels it<>clf off the l,wncber, 
which is stopped ht its S\\~ug by snubbing CiLblcs. 
The airstrnam Lhr(>WS it back to a horizontal posi­
tion, wberc it is retained by ,tlalch. 

Aft.er <:crt,ain mechanical ubugs" were worked out 
of them these laundlers were snt.isfnctory on rugged 
nircraft such as t.he l•'4U. In general , however, they 
h:td t he following disndvn ntages: (I) major rnech,tn-

m.ils for lightweight fighter craft. Some t hought 
was given to the design of a hwncher with cont rolled 
displacement-one that would lower t.be rocket. to a 
safe firing distanc<) and hold it thet·c rigidly while it 
was aimed and fired. None wen~ tested, however , 
uccnuse of the success of t be drop launcher , the 
next development. 

One squadron of F4U's was equipped "'ith dis­
placement In.unchcr:> tmd t.raincd in their usc , hut, 
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before it wen!. i11!.o combat, tbe success of !be ch·op 
launcher had made its equipment obsolete, and the 
squadron wus rccnllcd . 

I n dtop launching t.be :lircraft releases the rocket 
as a free body, whereupon it moves under the in­
fluence of grflvitational and a(:!rodyrwmi(; fon;t.~~~ 

connected to t he airplane only by t he nomestmin­
ing cords necessary to igni te it. Tgnit.ion occu1-s b~~ 
the closing of <l lany:lrd s"~tch when t-he cords h<W<' 
reeled out tbc appropriate separation between rocket 
and aircrnft. Figure 7 is :t ~eric::; of pic~t.urcs taken 

from the l'B.J equipped "~th launchers support<;d 
by a cantilcvc•· st•·ucturc on bot.h sides of t bc fuse­
hge· just, oulbmm! of lhe bomb hay . T he• F4U 
installation is shown in FigureS. 

nuring the l"st fc"' months of Wol'!d \\'ar 1J, 
sOJn(~ ex periJOenb\l work wa~ donO by Cf"T' wiih 
fixed launchers for t.he SB2G and the 1'- -17 . The 
fo•·mc•· cxpcdcnccc! •·atl>c•· scYc<·e buft'ct,ing by the 
bias(.! but. five p:lirs of rounds wen\ air-Cin!d from 
t he htter with only slight dist.urbnnce to tbe flight. 
l n boll• e·ascs !he) tcnlcrlinc of the rocket \\'11S spaced 

F'tCUR£: 8. Two T iny 'l'ims on Jlylon drop launchers of F4U-1D. Note practice heads. 

dming drop bunching of Tim from :Hl F,IU. The 
rounds arc supported in standard bomb shack les; 
in some <·ases it is possible to uso the; bomb n~lc,~u;c 
equipment. SUJ>plied "~th tbe 3irplane . Usually, 
however, special sway bracing und other support,ing 
structure is requited. Befor(' t.he end of t.he CIT 
work 11.75-in . J·ockets bad been successfully drop­
latlnched from t he following "irplancs : the F6F, 
F4U, SB2C, J<'7F, 1'- 38, a nd 1'~17 usi11g st.andard 
bomb stations; from t he J\ - 2(; using a special <!.rue­
lure "'hich lwld l wo rounds in the.> bomb 1m>'; ami 

~tpproxirnatcly 2 ft fJ'orn the wing. Because such 
~t launcher gives SJllflller gravity Urop!:l and ~ighi 
corrections than does the clrop launcher, furthe1· 
w01·k on it. ilppcars to h(~ defini tely worUl whilr . 

11.:1. :> Aircraft Launchet· Design 
P roblems 

In :.11 :\irtraft in~t.,tllat ions t.lw same h<1s ic prob­
lems nat.urally >1risc: nt.l>H:hmcnt, of lalu>chcr lo a ir­
plunct n.thwlun.cnt of l'ound to laun<.-hcr, firing cir-



AIRBORNE ROCKET LAUNCHERS 147 

cuit design, and blast problems. Their solution 
varied so mueh on different aircraft that generaliza­
tion is difficult, and the weekly progress reports 
must be consulted for details. These problems are 
discussed in eonsidera.ble detail in Firing of Rockets 
from Aircrafl;2 we shall mention only that of blast. 

Damage to aircraft from rocket firing results from 
three causes: (I) ejected material from the rocket 
motor (do sure disks, igniter wires, drying bags, 
etc.), (2) a ::;hock wave from the firing of the igniter, 
and (3) the turbulent high-velocity airflow induced 
by the rocket jet. In no cnse was n rocket placed 
so that the jet itself impinged on any part of the 
plane (except for ~~ few very small rockets fired 
from dosed-breech tubes). For smnll rockets (i.e., 
5.0-in. and smaller) the leading edges of the wings 
and stabilizers suffer the most danHtge from ejected 
material, and the trailing edges of flaps and ailerons 
are the parts most subject to damage from the com­
bination of causes (2) and (3). Exposed fabric sur­
faces nenr the blast usually require light metal 
sheathing, and internal reinforcement is sometimes 
found neeessary. 

Tiny Tim, with its 150 lb of propellant and its 
luminous jet over 100 ft long, naturally gave blast 

problems of much greater severity. Anyone who i::o 
close to one ·when it is :fired is likely to acquire a 
permanent feeling of amazement that such a rocket 
could be launched from aircraft at all. After one 
plane crashed immediately after :firing, inany weeks 
were consumed in tests to investigate the blast 
effects on v~trious aircraft. It was shown eventually 
by elaborate high-speed photographic tests that the 
igniter shock wave was doing most of the damage, 
and a reduction of the igniter charge to the bare 
minimum consistent with good ignition removed 
most of the difficulty. These tests are discussed in 
detail in reference 9. 

na.6 Launchers for Aircraft Spinners 

The development of aircraft spinners was still in 
its infancy at the termination of the CIT work, and 
little attention had been paid to launcher designs. 
The launchers that were used in tests were essen­
tially identical with the ground launchers, often 
nttaehed with lug bands to the regular post launch­
ers for finners, and probably have little similarity 
to the launchers which will be designed for service 
use to exploit the peculiar advantages of spinners. 



Chapter 18 

SERVICE DESIGNS OF FIN-STABILIZED ROCKETS 
FOR SURFACE WARFARE 

By C. W. Snyder 

18.1 INTRODUCTION 

I N CHAPTERS 18, 19, AND 20, we shall discuss 
briefly each of the rockets which were developed 

by Project OEMsr-418 and which either were used 
by the Services in World War II or which had a 
significant influence on the design of later rockets 
which were used. In each case, we shnJl indicate the 
service requirements which the rocket was intended 
to meet and sketch the reasons which impelled the 
choice of particular designs to meet them. In some 
eases we may be able to evaluate the success of the 
rocket in combat, but relatively little information 
on this point is available and Navy or Army files 
must be consulted. 

It is intended that Chapters 18, 19, and 20 be 
read in connection with the following three volumes 
published by CIT as part of the final report of the 
projeCt: Ballistic Data, Fin-Stabilized and Spin­
Stab1:lized Rockets,! which contains photographs,. 
weights and dimensions, and interior and exterior 
ballistics data for virtually all rockets mentioned in 
these chapters; Rocket Launchers for Surface U se,2 

which contains photogniphs, description, and bibli­
ography on every surface launcher which was used 
outside of the project itself and which the project 
had a hand in developing; and Firing of Rockets from 
Aircraft: Launchers, Sights, Flight Tests, 3 which, in 
addition to much other information, includes in the 
first chapter short descriptions and photographs of 
all service airborne launchers which CIT aided in 
developing. 

18·2 ANTISUBMARINE ROCKETS [ASR] 

The ant1:s·ubmarine rocket [ASH.] was the first 
American rocket to ugo to w~tr ." Tests on a similar 
projectile began at CIT in January 1942. The 
actual birth of the ASR, however, was in a meeting 
of March 7, 1942, between representatives of Divi­
sions C and A, NDRC. There it was decided that 
the projectile should be similar to the British 
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"Spigot Gun" or "Hedgehog," except that it was 
to carry 40 lb of TNT in a total weight of 80 lb for a 
range of 200 yd. The rockets were to be fired in 
salvos of four o,r six so as to have a separation of 
about 20 ft on striking the water. There was sore 
need for such a weapon pecause investigation of 
records in Germany following World War I had dis­
closed that the conventionaJ type of depth charge 
attack had been not nearly so effective as had been 
assumed, the principal reason being that sound 
contact with the submarine cannot be maintained 
at close range, and, during the interval after contact 
is lost but before the ship is close enough to begin 
its attack, effective evasive action can be taken by 
the submarine. Also, after the depth charges have 
exploded, the water is so full of echoes that it is 
seldom possible to regain sound contact. 

Thus the requirements were as follows: 
I. Range great enough so that the submarine 

could be attacked while maintaining sound contact 
with it. 

2. Dispersion small enough so that a predeter­
mined shot pattern could be laid down, calculated to 
give the highest probability of a hit. 

3. Projectile to be capable of launching from 
small boats. 

4. Payload great enough so that a single direct 
hit could inflict lethal damage on a submarine. 

5. Contact fuzing so that sound contact need not 
be severed by an explosion unless a direct hit is 
seared. 

"!'he British had developed for this purpose a for­
ward-thrown projectile called the Hedgehog from 
the fancied resemblance of its launcher to the ani­
mal with its spines bristled up. The launcher con­
sisted of a group of steel rods inclined at forward 
angles and welded to the deck of a ship. The pro­
jectile itself looked almost exactly like the final ASR 
on the exterior, and its propelling tube, carrying 
stabilizing fins, slipped over the steel rod. Propul­
sion was provided by a charge of black powder in 
the forward end of the tube. It was desired to 
improve on the Hedgehog in three respects: (I) by 
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elimin:llinp; rcroil so that the wojl'dile would be 
u~abh• on •mull boat.-, (2) by increasin~: tlw p11yload, 
an<l (3) by increasing the nongt•. 

"l'wcnl.y-thrcc da~'S after tbc: uwtttln~ which au­
thorized thl' I'O<:ket, fil'i ngs from shipboard 111 sea 
were mndc. E''erytbing >lboul the test was sat.is­
fuctory c•x<·t•pl that it was founrl that Sii-lb l"'ojec­
tilc~ wcJ·c d ifficult to handl<> "" rhc rolling, pitching. 
sprny-<lrcnched deck of a small •hip. It wn' there­
fore <h••·idl'd to ropy the Hed!!chott almO<I exac·tly 
in wcip;ht and sh:IJX!. "uch a rocker wn- .t:mdardized 
almost imme<lintcly, and uo furtl"'r ,ignifitnnt 
ch:lllJ:.C~ were maclc on it cxrcpt the 1")\liJitittniou of a. 
tuhul<1r rhrce-ridge cb11rge fur tlll' ol'iginnl tubular 
dJaq.:<· with <·clluloid spacet·s. It• no•e-fur.ed head 
is 7.2 in. iu Llii'lHlelnr and 19 in . long and htlS only 
a 0. 10-in . wall t hjckness, su tb:\1 :l() of it< 50-lb UD· 

Iuzetl woit,:lH i~ 'l'l\''1". A latco· head, the Mk 5, has a 
still thinner wall. The 2.25-in. 11-I(HII!(C motor L' 
t'qllil')K"cl with n mnchined :,<·r('w·in n()7.zlr and a 
riJlll tail 7.0 in. in diameter. J>holop;rapbs aut! 
•lmwing~ or the rocket are lcivc•u in Jln/li.tic })nfn) 

l fJ.:l' . l Designation mHl T y pes 

In the ''nr)y duys when 11J'Otk~t" '\f\~ il n:.stri<;tcd 
word, th<' .\SH W~lS known H~ th<' anti.~ubmar-iue 
b11111b IAl->f'll, nnd for n time the olliriall\'nvy desig­
nation Wtl:-. .lnlisubuwrinc. Prnjrctnr Jlk .!0, C1wrge 
fnr (ASP('I. :llol'(' often tlmu uot, however. the 
I'Ock<'l wu~ rc•frrr('() to even in offi<:inl c·ommtmica-
1 ion" '" the ":llousetra(l ." 1 he nnm~ deriving from 
tlw apJ>cnrnnco of the launclwr, whic·h folded flat 
ar<Hi nxl the deck when not londcrl. 'l'hc"e design:<· 
tious applied loosely to :\ny of t.lw rocket~ in t.be 
.\SH ~cl'i•·s . 

Jn order to ~ive the saouc velocity ( 175 fps) to two 
tlifT<•rt•ut head' (the one o•·il!)unlly dt·~ignccl hy CIT 
and the nrili•b Hedgehog hcMl which was finally 
adopted n. st.~ndard in !be intcr<·~t or uniformity) 
and thl'l'<' different fuze-< (the lUR I ur )lk 135, 
the HIH 3 or ;\!k 110, ami the Britbb-dcsigned 
nndcrwatcr-\'9nc-arming fuz~ ;\Jk 13 1), fonr dir­
fel'CI\l ~rnitltot wc~n .. cle~igncd, ~11 having an outHr 
cliamctro· of 1.70 in . and" length of ~tpproximately 
11.0 in., hul clifrcring in. pcrrorat.ion diftnu•Lt•r to gin.~ 
weight< of 1.10, I A:3, 1.50, anrl l .r.5 lb . Nine dif­
f<•rf'nt <'Ombinations were originally di~tingujshcd 
by comJ)INr round )lark number•, bul in lh<' lat-
1"-l rc,·i•iun nf nomendalure, all ,\Sit'~ nre dcsig-

nated i .2-in. Rocket :Ilk I ).lc,d 0. Tho ,·nrious 
rombinution~ of c·omponcnts tu-e ~tivcn in BaiHstic 
Dat" .' 

Lllunchers 

Tlw fic·st launcher used, and the one which gave 
the :llomt•lrap its nickname, wag !Itt' i .2-in. Type I 
l:mnehcr, dc,ignt>lcd ).!k 20 by the X:tvy. ft had 
four fornwd <tccl rails spread "li!!htly lll>fil't ro pru­
viclc n >Uil:oblo shot p3ttern. It could lw. folded flm 
for ' towugc but was not adjustable iu quadrant 
mtglc l'ittt·O tnnximum rauge was dcr:;ircd. A pho­
t<>gnqlh of it i• inchJ<Icd us l•'iguro J . Lako· Lhc N:tvy 

1-i'a<:Uin·: 1. Mk 20 11Mousctt·aJ)" hnuH'hct· loaded 
with ASR's. 

rl~signcd :1 ~imilar doul>le-<lc"k luunch~•·, the l\!k 22, 
for t•ight rounds. Both W<•r<• U>NI cxtcnsiYely, 
mounted in ll<lir~ on the forl'dcdu. of PC bo"t~, 
Con•t C:unrd cutters, bariJor pMrol vcs..els, <le­
!ilroyel' f~CC)rH, and other type"" of V('!i:SC'l. 

Design F ealut·es 

NozzlR . The ASH w:1s d<·signcd hurt·icdly and 
before any <•Jd~nsivc investigation of nozr.lc types 
hacl hcrn made, and a machined 1 breaded nozzle 
wru: •·lu~'i<'n lX'rnusc it could IX' mn<lc easily and 
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accurately. It is a good nozzle but is somewhat 
more eostly than the formed nozzles tht.tt were sub­
sequently developed. 

Tail. A ring tail was chosen simply because the 
British had used it, but underwater tests later 
showed it to be a good choice. Much work on 
underwater ballistics of the round was done by the 
Morris Dam group at CIT (see Part I of this vol­
ume), and as a result of their findings two changes 
were made in the tail. 4 •5 The four radial vanes sup­
porting the tail rings were canted at a 10-degree 
angle, imparting a slow spin to the rocket andre­
ducing "wa.ndering" under water, and the rings 
themselves were streH.rnlined, the front edge being 
rounded and the rear end tapered to a sharp edge, 
thus reducing the underwater dntg and increasing 
the terminal velocity. The tail ring diameter was 
made less than the head diameter to reduce tip-off ,. 
which would have been significant on such a slow 
proje~ttile. Since the center of mass of the whole 
rocket is in the head, the tail does not ride on the 
launcher at all. 

Contacts. The system first used on the ASR. 
motor of making electrical contact to the igniter 
was subsequently used on most fin-stabilized rockets. 
The tail shroud is composed of two rings, the rear 
one being welded to the radial fins and the front 
one being insulated. The igniter leads are provided 
with lugs and screwed to small metal angles inside 
the two rings. Spring-loaded knife contacts on the 
launeher make electrical connection with the rings. 

General Shape. A number of alternative shapes 
were .tested for underwater behavior by the Morris 
Dam group. Hemispherical noses and noses flatter 
in varying .degrees, several tail shapes, streamlining 
the rear of the head, putting an air space in the 
rear of the head to increase the righting moment 
under water-all these were tested. Several of these 
designs gave considerably higher terminal veloc­
ities thnn the stnndard, which would be n decided 
advantage, but none showed any marked improve­
ment in underwater dispersion and ·virtually all 
gave greater forward tnwel after impact than the 
standard. 

Igniters. The original ASR had R brass case 
igniterb with a bakelite disk closure, and a formed 
celluloid "saddle" was cemented to the front end 

• Tip-off is the reduction of the effective launching angle by 
gravity drop of the head while the tail is still eonstrained by 
the launcher (see Section 24.<1.3). 

b See Chapter 22, Figure 13, A. and B. Igniters are dis­
cussed in Section 22.11. 

of the powder grain to hold it in place a,nd prevent it 
from being squeezed between the grain and the 
front closure disk. In a few months the bakelite 
disk was superseded by a molded cellulose acetate 
closure, which provided a much better seal and 
did away with the saddle. Later the molded plastic 
case igniters 1\<-ith screw closures were specified for 
this rocket, as for most others. 

Grains. The originn1 grain wftS tubular, 11.13 in. 
long, 1..7 in. OD, and 0.6 in. ID. It was ::Jpaced in 
the tube by cellulose nitrate strips cemented to the 
grain \vith Duco household cement. It was found 
that strips gave 0.7 times as much impulse per 
pound as did the ballistite itself, and hence this 
fraction of their weight (and half the igniter weight) 
wM included in the "effective weight" of the grain. 
Most of the experimental static-firing tests which 
led to the discovery of the stabilizing effect of 
radial holes " in the grain were made with AS R 
motors, and, as soon as the effect had been proved, 
radial holes were specified for all grains. The idea 
of extruding ballistite ridges on the grain to eli­
minate the necessity for celluloid strips was also 
tested first on the ASR and then became standard 
practice. Originally a cellulose acetate washer wa:-; 

cemented to the grid end of the grain, but it was 
later found to be unnecessary and abandoned. 

The cast iron stool grid (Chapter 22, figure 15A) 
was originally specified and remained standard 
because the shape of the maehined nozzle (Chapter 
23, figure 3A) docs not give sufficient port area 
with the box grid. 

18.2.4 Reports on the ASR 

The very early history of the rocket and its 
launcher is contained in reference 6. Further de­
velopment is reported in detail in reference 7. In 
particular, the second volume of this report dis­
cusses the experimental tests which first demon­
strated that the burning of a tubular ballistite 
grain could be stabilized by the use of radial holes. 
Instructions for use of the weapon in service are 
given in reference 8, and amplified ttnd revised in 
reference 9. A comprehensive study of the factors 
determining the success of antisubmarine attacks 
by Hedgehog and Mousetrap projectiles is given in 
reference 10. See also the reports of the Morris 
Dam group.U-20 Design of tho grain is described in 

o Sec Section 22.6 and reference 7. 
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reference 21. Reference 22 describes the two service length of the thin-web grain. Fired at 45 degrees 
launchers. QE from the 7.5-ft launcher, its range varies with 

temperature from 80 to 120ft, and its dispersion is 
2 mils or less. It did not reach service use. 

18.2.5 Related Rockets 

As the first rocket standardized for service use, 
the ASR. naturally inaugumtecl many design 
features which are found in later rockets. Thus the 
BH., the VAR series, and the SCAR (all of which 
are discussed in detail in "the following pages) con­
tain elements borrowed directly from the ASR. 
The rocket was taken over almost intact for the 
7 .2-in. demolition rocket Model 17 [DR} which vnts 
designed for the Army Engineers. It has the ASR 
motor and a head which is almost identical with 
those of the V AR series but contains the PIR base 
fuze Mk 146. An adapter connects the 3.25-in. 
head threads to the 2.25-in. motor threads. The 
head is filled with plas"tic C-2 explosive, and the 
rocket is intended for demolition of concrete walls 
and similar obstructions. Ordinarily it is used for 
virtually point-blank fire. Its service designations 
are 7 .2-in. Rocket Mk I Mod 2 and Rocket, HE, 
7 .2-in., T37. It is described in reference 23. 

A service launeher (T-40) was designed by Army 
Ordnance, although CIT assisted in i"ts develop­
ment. It consists of 20 tubes in an armored housing 
mounted on the turret of an M4A1 medium tank 
and attached to the gun so thnt it may be aimed 
by using the gun mechanism. Its predecessor, the 
CIT 7 .2-in. Type 5 hmncher, described in Roclcet 
Launchers for Surface Use/ was superseded by the 
turret-mounted version because it laeked an inde­
pcmlent train adjustment and interfered with the 
tank's maneuverability on rough terrain. 

The DR is understood to have been used in the 
Normandy landings and the subsequent European 
campaign, but little is known about it at CIT. 

Like the earlier BR, the DR was redesigned to 
give better accuracy by lengthening the motor and 
substituting a thinner-web grain. The fast-burning 
Model18 has a lateral dispersion of less than 5 mils 
at all temperatures above lO F when fired at 32 
degrees QE from the 7 .5-ft T--40 launcher. It did 
not get into production for service use and has no 
serviee designations. 

A short-range DR was also designed for the 
purpose of eountermining Japanese .T-13 antiboat 
mines by firing ahead of a landing boat. This Model 
19 rocket uses a standard~length motor and a 5-in. 

1s.11 BARRAGE ROCKETS [BR] 

The 4.5-in. ban·age rocket [BH], originally called 
beach barra(le rocket [BBR], was first suggested on 
June 16, 1942, just a few weeks after the stand­
ardization of the ASR, and its development pro­
eeeded rapidly. The first models were test-fired on 
June 24, "the first full-scale sea test was on July 28, 
and the first service use was in the assault on Casa­
blanca on November 8. 

The requirements for the rocket were simple. 
No weapon existed whieh could fill in the gap of a 
few minutes between the time when the naval and 
air barrage had to be lifted and the time when the 
first invading troops hit the beachhead. This short 
respite from bombardment was enough to allow the 
enemy to organize and pour a devastating fire into 
the landing waves, and casualties in the first wave 
were alarmingly high, as everyone will remember. 
The rocket was intended to be earriecl on the troop­
carrying boats themselves and to eontinue bom­
barding the beachhead up to a few seconds before 
the aetuallanding. A light-ease head for maximum 
fragmentation and antipersonnel effect and a range 
of approximately 1,000 yd were suggested. Dis­
persion was of little importance, and ii1 fact a rela­
tively high dispersion might be preferable, since a 
large area could then be covered wi"thout the com­
plication of having to "fan out" the launching rails. 

]_11.3.1 Designation and Types 

The original BR design ineorporated a pressure­
arming base fuze, but this was quiekly abandoned 
in favor of a point-detonating fuze whieh detonates 
the head completely above ground and is thus more 
effeetive against personnel. To accommodate the 
base fuze, the original motors had internal threads, 
and, with its abandonment, the motor was simply 
shortened sligh"tly leaving the internal threads so 
as not to have to change the head design. This 
was the ·!.5-in. Rocket Mk 1 Mod 0, consisting of 
the 2.25~in. Mk 7 Mod 0 motor, the 4.5-in, Mk 1 
Mod 0 head, and the original AIR fuze which was 
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a modi6cd PDF 11-1- 52 trench mortar fuze. Shortly 
before the end of 1942, the design of bolh molor 
and bead was changed to use external threads on 
the motor , and at approximately the same time"" 
improved AIR fuze, f.he Mk 137, "·as introduced . 

t lutn :my other American rocket. In t.he la test 
nomenclat.ure, a ll the above rocket-s Me designated 
4 .5-in . Hoeket Mk 1 Mod 0 . The l'l'fk 145 fuze is 
sometimes used in place of the i\'Ik 137 t.o provide a 
short delay in firing; f.he rocket designat ion is then 

FlCUR€ 2. i\'lk 1 Mod 0 "crate" launcher being loaded with ine.rt 4.5-i n. BR 

The new rocl<ets had the following designations: 
CIT JWoduction: 

'1.5-in. Rocket M k 2 Mod 0; 
2.25-in . Rocket )l fotor M k 8 Mod 0; 
4.5-in . Rocket Head l\fk 2 :Mod 0 . 

BuOrd production: 
4.5-in . Rocket :Mk :J )olud [); 
2.25-in. Rocket. Motor i\'lk 9 :Mod 0; 
4 .5-in. Rocket Head Mk 3 Jlfod 0 .. 

The vnrious early desigtl changes can be followed 
in the photographs and drawings of references 24, 
25, and 26. P roduction ()( t he l\•1 k 3 rocket ran 
int.o the millions, aud it probably saw more use 

l\'lk 1 Mod 1. A smoke bead, l\lk 5 or M k 7, was 
designed much latct·, and the latest designa tion for 
the rocket with [.his ho:1d and the M k 137 fuze is 
Mk 4 )\foci 0 . 

Design Features 

Motor. The nozzle, grid, grain (the 1 .43-lb i'vfk 1), 
and motor c:losurc,~ for the first B lt were t-he same as 
t hose of the then standard ASR, and none were ever 
changed, a lthough changes in all of them were dis­
cussed at one time or 11nother. The igniter went 
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through the same evolution as that of the .ASR as 
the state of the art improved. 

Internal threads on the front end of the motor 
tube were first specified because they made the base 
fuze design less complicated, but, when an inves­
tiga.tion wns begun to see whether the rocket's 
dispersion could be decreased, evidence appeared 
indicating that external threads gave better disper­
sion, presumably because the motor pressure ex­
pnnded the internal threads slightly and loosened 
them, increasing the malalignment. It was difficult 
to be eertain about this point, however, and the 
increase in the diameter of the filling hole in the 
base of the head whieh accompanied the change 
from internal to external motor threads was prob­
ably a more cogent reason for the new design. 

Head.~. The fmgmentation heads were originally 
made by hot pressing from standard 4.5-in. pipe, 
and, except for the changes in shape to accommodate 
changes in fuzing and in motors, they remained 
essentially the same. Heat treating to improve 
their fragmentation was soon specified. At one 
time there was a discussion of grooving the h~pads 
like a hand grenade, but tests showed that the 
fragmentation was not improved thereby. Several 
fragmentation tests were made,27- 29 but nothing 
startling was disclosed and no design changes re­
sulted. The design of the smoke head was straight­
forward and involved no special problems. Several 
other special purpose heads were suggested and 
tested but never adopted. 

Tails. The very first BR, which had a PIR fuze, 
also had a combination radial-fin tail and ring tail. 
The fins extended to the corners of the 4.5-in. square 
nnd were insulated from the ring, which was made 
in four quarters. Thus the ring formed one elec­
trical contact, and the fins or the body of the rocket 
itself formed the other. This required a larger num­
ber of pieces than the ordinary ring tail, did not 
apparently decrease the dispersion noticeably, and 
somewhat complicated the launcher problem by 
requiring that the rocket be oriented in a certain 
way. It was quickly abandoned in favor of the 
two-ring design like the ASR, and no further 
changes were made on it except the simplification of 
making two adjacent radial fins from a single piece 
of metal. This became the standard design nnd was 
used on all subsequent ring tail rockets. 

One other type of tail was thoroughly tested and 
is discussed in a report.30 It had a single shroud 
ring and the insulated contact was a very short ring 

(about % in.) inside the shroud ring at the rear. 
This tail was extremely simple in design and worked 
well, the objection to it being that it somewhat 
complicated the launcher contact problem. Had it 
been adopted, the later development of the auto­
matic launcher would hnve been seriously hampered. 

18.3.3 Accuracy 

Although the 25- to 85-mil dispersion of the BR 
was adequate for its primary purpose of· beach 
barrage, there was continual pressure to improve 
it so that the rocket would be better suited to other 
uses. For this reason, and also because the BR 
was a convenient test rocket for learning more 
about the general problem of dispersion (since it 
was inexpensive to make, its heads, when plaster­
filled, were reusable Hlmost indefinitely, and its 
dispersion was relatively sensitive to changes in 
motor design), a comprehensive program to im­
prove its dispersion was undertaken and continued 
for several months. 

The 'first attempt was to find a nozzle and grid 
combination which would give lower dispersion than 
the machined screw-in nozzle and the cast three­
legged grid and which, incidentally, might be easier 
to fabricate. A considerable variety of nozzle 
shapes were tried along with various methods of 
holding the nozzles in the tube. No combination 
was found which gave significantly less dispersion 
than the standard, and some gave surprisingly htrge 
dispersions. In all cases the mechanieal malalign­
ments were known and could be corrected for, and 
in several tests the malalignments were made so 
small that they can be ignored. Despite the care 
with which the experiments were done, it is perhaps 
possible that, if they had been repeated two years 
later after better techniques of making formed 
nozzles had been developed for the aircraft rockets, 
the formed nozzles might have shown up more 
favorably in comparison with the machined. The 
various kinds of nozzles tried arc described and the 
results are analyzed in referenees 31, 32, and 33. 

Another line of attack was to try to reduce the 
gas malalignment d by straightening out the gas 
flow' running it through long tubes and screens and 
baffles of various types. None of them improved 
dispersion, and some made it much worse. Some 

d For definitions of mechanical malalignment and gas mal­
alignment see Sections 21.4.1 and 24.8. 
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ex})CrJnH'm{.s on spinninf! the HH, sti ll 1.1sing: tin 
stabiliz<"ltion, wc~re- 1nad<!1 hut, t.he rnnllaund aing 
appnrently m•Jli5ed the improvemenL i11 di.persiou 
t.ltat might haw• ht•en obtained. All the vntious 
expedients tried during this invt:.st.igation al'C> de,.. 
scribccl in reference 34. 

Tht• final t'OJH;hlsiou tlwf the BH. gus m;tlulign­
mcnt rould not be reducc,l left open only O il(\ way 
t,o intr(•asc 1 he ''ccuracy- by clecreasin.g the bum­
ir'Lg lin1c . Thi~ llt<-:ant <>itlH'I' opPrating the motor a t 
~\ consjdcrabJy incre<lSCd 1nessm·e or using~\ tbjnnnr­
w<)b gn1i n . The usc <Jf high-si.J·onp:t.h heat-treated 
~lC'cJ WOUld have pC'rmiltmJ hig)H)r <')l)(·•ra ting JH'('>~ .. 

sm·<•o , but t his was felt not to be desirable for pro­
dU<·tiou n"asc)ns. A st1fcty Yi1 lve-fol' the front CJHI of 
th~ motor W:is tested. whic·b would a llow th<, "'<'of 
higher p1·cssur~s on~t the normnl operating tem­
perature n\nge h.r opening and n}ducing the prcs­
Sl 11'0 :tt high tempcJ·aLurcs. As long as the v:tlvo 
rcm:tin<.><l c·loscd, the dispcrslon was n.ctunlly de­
creased by lhe ~ruallc.r hurning ti m~, as ~xpcd(•tl. 
\\'hen 1 he vnlvc upcncd , however, the g:t$ eseaping 
from it. had H. hu·gc •·ga .. ~ m~d:dignmcnt /; and the 
dispUrlSiUn was: poor. The ('OI'llpli!xi(,y or Uw valvt~ 

w11::. ~\no1:b<'r argumcn.1 ag~•inst it,, and its usc w:\s 
ncv('r r('c·(muru;ndN1. Tlw thi n ... wch grain was ;-;uc·­
ccss{~ll. bowcverJ nnd was rec.:ommendc(l fol' s~rvice 
USC' . 

l,f!.3A Launchers and Servk e Use 

'l"h.u hcmding of this section. t.:ouJd well :icrvc as 
t.he Li tle of a rather large book. Ntu;ket I."'"'"''"''·' for 
Swjac~; Use ' disct1sses eleven differem hm<ehcr 
type~ wh id1 wen~ designed by Cl'T' [o•· the ·l.5-in. 
barrage rocket and by no means exbausls the list .. 
A few a<l<litioual launchers wore dMignecl by tbc 
Bure.au of Ordnance, and a. ft} ,.,. roc;ket.s arc known 
to have been fired in combat from makeshift wooden 
ln undwrs n<Jiled togotl>c•· 011 t he spot . At least 
eigb L auLhorized Jaunc;hen; ::saw some- servic:e us~; 

the most important of which were t he 12-miJ 
''t:rat(~ . , luuru.:hur and t.hc :•n.utonm tic." 

T'be ''crate," CIT~ .5-in. 'Type 5 launcher! was 
<l<Jsignated ~.l.k 1 by t he .Navy, Mod 0 being for tiHJ 

por t side and ~1od 1 for t he sl:a rb<)ard. As s how11 in 
l<'igmc 2, it consisted oi Gwelve tails c01mectcd to­
gctlu!.r in1·o ~1 -boxlike sli'IH.rt~tn·c nnd mounted on 
t1·umtions to a llow adjust,.nent of quitdt ant elen\­
t ion from 0 to 45 degrees. The mils were 5 ft long 

(plus l in. for electrical .:ouia<:l$) ,md were cun­
sidercd the ";tandard" J3H m ils for purpo><Js or 
lll.Ca:;Uriug ritngc;;- dh:per:>ion, etc. 

Tl1c ii1·st service use of the c·L'ate...: wa.:> in the 
inv:"i<)n of ?\forLh Mrica in 1\ovcmber 1942, :\u<l 
thereafter they were regulal'ly used in ln11ding 
operations ln the J\fediterrttnean and Eurf>pc~m 
rrboa( er~ of 0IH'rat. ion~. They WCtC intl'oduced in 
the l)acific by the Reeund Engin('CI' Spcci:ll Brigade, 
whid> for seveml months h:<d t lw d isl i11d ,ion of 
being lh<! only •·ockct unit in that pat·L of llle worltl. 

Fu;u nri: 3. M k '1 •1aUtomaL.i<.:" lRmH;her loaded with 
''al'ious types of BR: Tot> tu bottom.: Mk 4 M6d 0 
n.><.:ket (!SmOke) . fast-bur ning nJoto•· with standard 
b('ad, standard motot· ·with incc.>ndiat)' hlH'l.d, four 
•t•mdord Mk l ~lod 0 rockets. 

They fh·st used tbe we,;pon in Uw fighting t\•·ound 
FinschlH1fcn on New Ouincn in October 1943, <-twl 
they spearlw:tded Uwjr fi r•t amphi bious latt(ling at 
Amwe t wo months later. For the next six month~, 
this group with MuJ <:ra te<; and four J'ockct D Uh'\V's 
bnd a. p8rL in Jle8Tiy eve1T important landing 
ope•·ati.on . 'l'hc compl.ctc story of t heir opm·a t io11S 
is n very long one, and it has l.ieen told hy the 
commanding officer of t.he 2nd ES13, 13rig<Hiier 
Gen<Jrlll William Y.' . IIc,wcy, USA, in two anicles." 
A popularized account of Lh<• :lcti,· itie<; t.hrough HH-1 
is gjvcn 1n. 'l'he l"olt: Neview .a6 Tbc ctnt~ were also 
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~xlcn,i\'~ly u~l on PT bo:th until ~utomatic 
l:nuu·h<.·r~. nnd Inter 5.0-in . ~pimwr~. ht•<·tU1H' ;.n·ail­
ablc, :uul t1wy ;u·<·mmtrd for :1 l:'n1t!' nmuunt of 
enC'my :--hippin~. 

TIH' lhs t nutnm;lti<· l~un<'hC' t' (FiJ.(UJ'C :l} Wll:-i Jn<Hic 
nt ( '1'11 in ,\ pril I B 1:·l . and i t ~ imp•u·tant ~cc l vnntnges 
w<'l't' imnwdiu lely rccogn..izcd: 

1. Li~hi wc•ighL For t wrlvf' J'tHtnd~. i t~ wl'ight 
is onl~ 11.; lb a. eomp,>rec.l !n :liiO fur rhc crate . 

J>rirn:tr~· :uh·:tntof{c. In Rockft Lmwclter~ /Qr Surfuro 
{ ·~,..' 1"('\'t•n\tl('n typi«·al in:-:1:11lntion~ nN' li~tcrl, and 
how mnuy mor<' aetually t•xi~t("c.1 i~ proh,,b)y irn­
po~~ihl<• IH ll(•t f'l'minc . \Vith this bunrhcr, an 
l.l 'l\1J :3 I r (W ('XH!llplt• I ('Oll ltl fin.• a ri (Jplr . .;n I\'() of 57G 
nll'k<'l • 11 tota l of 12.000 lb of pa yln11!ll:tid on the 
tnr~el iu nhmll I ~t·<·ond=-> i£ dc~ir('d. l·:w:n the lo ,\'ly 
j(•cp t' tuTit-"'<1 h('<lVy fl.rlillt•ry :t~ l"hown in Figure -L 

Tlw aurnmati<·, dc-ignated Type• R hy ('TT. be--

F1Gt11U·: ·1. Mk 7 launcher im~tnllnlion on je-ep. 

2. ~implicits . On electrical wirin~:. for example. 
tlu· :mlomorie requires only mw·twelfth ~li'. mu<·h 
ns ot1wr hlmU'hcrs, sinC"e ~ .lotjuglt• sc•t of ('ontact~ 
hrc, the whole salvo. 

:i . C:n·alc•r snfcty for the opt•l':d (U', $itl(' l' j t C;\1\ 

be lo:vlC'd from tht• ~ide, whcrCUl't mo:<t other m uiR 
t iplc l:umrhcrs require •·itll('r h•·rcch or muzzle 
Iundi n~. 

~. , \ dnpt<\bility to a great n1riNy of irt,tallations . 
It~ almo.•t uni,·crsnl adaptability i- thriRuneher's 

enme the ::\:tv~· ~!k 7 l:tunc·hrr. :md produl'lion by 
tlw ~·n'i<"C'S r:ln into ten::t o£ thm•s:,n<l". 1t is 
prob:tbl,l' " " c•xaggc•mtion to .-n~· thnt tlw J..'i-in. 
harrng(\ I'Ot·lwt WtlS the 100~t importnnl r<lrkt't used 
in World War II anfl the :/III< i w:t- thc• mo'L im­
porta nt h\\tnchcr. IL "'"" t.his combinntioll t hat 
h~ll><•<l to teach the Japane.«· !lwl lh~~· roultl not 
defend a h<•m·h nncl rcsultrcl in ,.iJ·tunlly no oppo>i· 
lion bring oiTered to tlw initinl wavr in the landings 
tlurin!{ thr l:lst yc." and a half of \\'nrhl W:tr ll. 
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1.8.3.5 Reports 

There are ~1 large number of reports on the pro­
cedure for using the BR with various launchers, 
and for these the reader is referred to the bibliog­
raphies accompanying the descriptions of the launch­
ers in Rocket Launchers for Swjace Use. 2 References 
24, 25, and 26, although also intended as service 
manuals, include suffieiently complete descriptions 
of the rocket as it was at the time of their writing 
to give a picture of the various steps in its develop­
ment. Photographs of the very earliest round and 
the original crate launcher may be found in refer~ 
ence 37. Manufacturing methods used in err 
pilot production are. described in reference 38. Tests 
made in developing the fast-burning grain are dis­
cussed in reference 39. Some tests carried out to 
learn about the suitability of the BH for para­
troopers' use are described in references 40 and 41. 

18.3.6 Related Rockets 

1'he CIT answer to requests for better accuracy 
with the BR was the so-called "fast-burning" or 
"short-burning" BR. Very little development work 
wasrequired on this romid. The perforation in the 
grain was simply enlarged to· give a web thickness 
of 0.4 in. instead of 0.55 in., and grain and motor 
tube were lengthened to bring the propellant weight 
back up to 1.43 lb. The long thin grain gave a rather 
severe d~op in effective gas velocity • at high tem­
peratures, but the reduction in range was only 20 
yd at 115 F, and the upper temperature limit was 
sufficiently high. The comparison of this rocket 
and the standard with regard to lateral dispersion 
at 45 degrees QE is shown in Table J . 

TABLE 

Burning time Lateral dispersion 
Tcmpcratm·c (sf:conds) (mils) 

(degrees) · Standard Fast-burning Standard Fast-burning 

10 
70 

120 

0.66 
0.37 
0.23 

0.38 
0.22 
0.14 

8f:i 
45 
25 

48 
20 

4 

This rocket was recommended for service use but 
was never adopted because, by the time it was 
ready, production on the standard model was well 
under way and the rockets were needed so urgently 

• See Section 21.1.1. 

that it was not thought desirable to introduce the 
change. The principal production difficulty would 
have been to change the fuze, which was the critical 
item. The much shorter burning time of the new 
model required extensive modifications of the AIR 
fuze. 

A 250-yd barrage rocket was also developed for 
possible use in detonating land mines. The thin-web 
charge was used to keep the burning time short, 
since a dispersion of 5 mils or less was desired. 
Standard length motors were used even though the 
grain w~ts less than half the standard length, be­
cause tests showed that the rocket had insuffi.cient 
stability with a shorter motor and gave bad difl­
persion. The combination of short burning time 
and low velocity gave a relatively low dispersion, 
less than 8 mils at medium and high temperatures, 
but still considerably above the desired value. The 
request for this rocket was withdrawn before devel­
opment work was entirely complete. 

la.,t CHEMICAL WARFARE 
ROCKETS [CWR] 

Development of a rocket for the Army Chemical 
Warfare Service was one of the earliest projects 
tackled by the CIT group, the first field firing 
being on December 23, 1941. The intention was to 
develop ~t rocket to replace or supplement the 
Livens projector bomb, since the htek of recoil 
would permit the launcher to be mounted on a 
truck, eliminating bot,h the weight of the Livens 
mortar and the time required to emplace it. The 
original specifications called for a projectile to 
carry a liquid payload of between 20 and 30 lb with 
a maximum range in excess of 3,000 yd. No definite 
specifications as to dispersion were made, but it was 
indicated that a dispersion of the same order as 
that of the Livens (probable error .50 yd in range 
and 25 yd in deflection) would be acceptable. Fol­
lowing the first tests of the projectile at Edgewood 
Arsenal, Maryland, more definite specifications were 
outlined, calling for a bomb of 2.2-gal capacity to 
carry 20 lb of chemical agent for a maximum range 
of 3,400 yd or more. 

The first rocket designed had a motor which was 
patterned closely after the British 3 .25-in. motor, 
in that it had a formed nozzle of almost identical 
shape, sealed at the front end by an obturator cup 
and held in the motor tube by a piston ring at the 
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rc11r (the British RP-:l U>es rivrt•), a .•ix-lcgged 
>lOIII !~fid ;;cote<! on a nozzle ring. and [uur r:uliol 
fins. The• motur was 3 ft lonj.!; a1111 extended clear 
through the center of the 7.0-in . clium~t<·•· head to 
muk<• a <·ompn<.:tJ stl'camJjncdwlooldng proj<'dilf' . 
Becau•e of its sburl lcngt h, the rocket had :1 dispet­
~ion nf more thnu 100 lnil~ and was unn(•ccpt::lhlc 
a lso bee:; us<• t he •·c-ent rant dc,ii(JI J>rceluded the 
n8c of a burster tube in the hcMI to <lispcr;;c the 
""'tPnt• npon impact. ){o\'ing tlll' motor hn~k so 

Two changes in design were then made: sub­
stituting a box grid for the complicated east stool 
grid. an impJ·ovc•mcnt which bt•tt\ IJW p(•rmancnt. 
and formin!( ilw n<lzzlc in one piece with the t ubc 
instead of insmting it .. IL was fouu<l lllltt the one­
piece nozzl~s dcticctcd considel'ably nnd•••· hydro­
static f)J'C.;xurc," but no clc:H cvid~nCC Of incrca,<)d 
di!;p(''"-~ion rrorn this source was di~t·nvcrcd.r 

On May 29. 19~3." meet ill!! or the .JX\\' Rocket 
Hoard decided, in the interest of uniformity of 

FIOURr. G. Launcher, Rocket, MultiJ-.lC A1·tillel·-y, '1.2-in., T32, mounted in truck and loaded with 2rl C~tR .. ~'s. 

that it "'"'completely behind the head reduce<! the 
dispc,.,.ion to about 40 mil;; and ucc'('<.<itated <~ddin!! 
a 7 .0-iu. ring tot he tnil to support it on the launeber. 
The rinf( wns made in two parfM to provide electrical 
cotJtad as with the ASR and Bll, but the radial 
fin~ were IMl mwhangcdJ cxtcndin~ forw·ard !lnd 
radially bC)'OJ\d t.he r ing . T<•sl~ with iner tia-firing 
ruz<•s (hnt h nose nnd base) hltlic:\tcd lhnt a pvint­
dctonnting fuz<' wa~ required to l(ivc sufficienll.' ' 
rapid dispN.a l of the load. Excc•pt for the bck of a 
•uitabh• fuze, the rocket wag rojliardcd fls "''ti,;­
rnrlory fflr the ('Ontempl:ttrd ~rvic•(• u-.r. 

de•i!!u and intcrehnngcnbility or auxiliary equip­
ment. to intrrasc the head diameter from 7.0 to 7.2 
in. and to U'<l the :\lk :~\".A H. (rctro rocket) •notor 
(sPP Chapter 19) with a different grain for the C W H. 
The IIPW """1~1 was dubbed tho (;WH N (N for 
''nrw''), nnd it. showed a. latcrnl Oispor.;;ion of 
apprQxi nw t<~ly GG mils a.~ compa•·cil t.o 10 for t he old 
model. 1l adi,11 fin• wer(l therefore uddcd to the ring 
htil. and th(' ~ti~petsion. reiurntttl to its former value 
(•ec Fi!(urt· I 11\ nf Chapter 23). 

'&t rdl·rcnh· ·~ fur t"'fllJl\lri.i!lln or di.:~l~n;ion o£ various 
mtMit"ld ()r cn-n. 
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18.4.1 Design Features 

Grain. As was the case with a.ll early rocket 
motors, much. trouble with the gmin was ex­
perienced in the beginning, and a number of things 
were tried until st~ltic-firing tests on the ASR solved 
the problem. A 2.5 x 1.0-in. tubular grain with 24 
radial holes was then adopted, and, except for the 
nddition of three ridges, this remaiMd the standard. 

Fuze. The Mk 137 BH fuze waR used on the CWR 
for a time, but the large propeller was not necessary 
for such a fast projectile and the large proteetive 
cup surrounding it reduced the range by 100 yd. 
The Mk 147 fuze with a much smaller propeller was 
developed especially for the CWR. In accordance 
with standard practice for chemical bombs, the 
fuze detonates a burster tube which extends virtu­
ally the full length of the head. 

Nozzles and A.cc'uracy. Although satisfactory in 
other reRpects, the CWH suffered from the usual 
ailm~mt of roek()ts-insufficient accuracy. As pre­
viously mentioned, the accuracy was improved on 
two occasions by tail changes which increased the 
stability. At several times during the long period of 
development of the CWR, tests of various nozzle 
cluinges were made in an attempt to decrease dis­
persion. The first nozzle had an abrupt entrance 
cone similar in contour to that of the machined 
ASR nozzle (see Figure 3 of Chapter 23), and this 
wns changed to a more gradually tapering entrance 
on the basis of yaw machine tests which showed 
thnt longer nozzles gave smaller side forces. It is 
probably impossible to draw nny conclusions from 
the data on the effcet of the later change from insert 
to integral nozzles, beeause the observed dispersions 
varied so widely from test to test and various other 
factors were being changed from time to time. It 
was thought that the reduction in nozzle expa.nsion 
ratio eiltailed in the change to the V AR-type motor 
might increase dispersion, but the field tests of this 
point gnve negatiVE) The difference in 
dispersion between rockets having nozzles with 
smooth and rough interior finishes was found to be 
sci small that it could not be clearly separated from 
the malalignment effect. It was thought thnt, the 
orientation of the nozzle throat, or more accurately 
ofthe portions of the entrance and cones dose 
to the throat, might be more important than the 
orientation of the exit· cone which was normally 
assumed to define the direction of gas flow. Tests 
indicated that "throat malalignment" does have nn 

influence on dispersion but that it is less important 
than the ordinary 11meehanical rnalalignment." 45 

The only ehange in nozzle design which ever gave a 
speetaeular increase in necumey was the elimination 
of rough and irregular welding at the nozzle exit 
circle. 44 

Other factors which were investigated for possible 
effect on accuracy were oscillation of the liquid 
filler in the heads, variation in filler density, and 
launchers with varying lengths of overhead guides. 
On none of these tests were any definite positive 
results obtained. 

18.4.2 Designation and Types 

The older models, called CWB or CWR in CIT 
reports, had no service designations. The CWR-N 
motor is designated 3.25-in. Rocket Motor Mk 5 
Mod 0. Two 7.2-in. heads have been standardized: 
the Mk 7 for chemical fillers and the Mk 9 for TNT, 
the latter being nearly 3 in. shorter to accommodate 
the higher-density filler without increasing overall 
weight. Complete round designations are "Hocket, 
Chemical, 7.2-in., T21" and "H,ocket, HE, 7.2-in., 
T24." 

13.4.3 Launchers and Service Use 

The standard CWH launeher is the CIT 7 .2-in. 
Type 2, designated by the Army as "Launeher, 
H.oeket, Multiple Artillery, 7.2-in., T32." It is a 
2'1-raillauneher lO ft long, very similar in design to 
the BR erate, whieh ean be mounted on the ground 
or in the bed of a 272-ton truck as shown in Figure 5. 
Although Army Ordnanee produced a considerable 
quantity of the htunchers, no service use of the 
CWR is known. 

18.4.4 Reports 

The early development of the CWR is recounted 
in detail in reference 46. Propellant development is 
discussed ill reference 47. See also reference 70 for a 
report on high-speed water tunnel tests. 

18.5 TARGET ROCKETS 

rrhe development of rockets as targets for anti­
nircraft training antedates the CIT contract. It 
was undertaken jointly by Sections Hand E, Divi­
sion A, NDRC, in August 19·11, and three flight 
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tests were conducted in the East before OEMsr-41.8 
was organized. In the summer of 1941, when 
NDR,C had circularized the Armed Services as to 
their interest in a variety of proposed rocket pro­
jectiles and devices, the Coast Artillery, which had 
the responsibility for training antiaircraft gunners, 
answered that they would like to have a target 
rocket developed. Something was needed which 
would give gunners adequate practice in firing at 
targets which approximated the speed and courses 
of aircraft. Small radio-controlled airplanes or 
drones would have served the purpose, but they 
were not in quantity production and were neither 
cheap enough nor fast enough. The conventional 
towed sleeve target was too slow and moved on too 
steady a eourse to give the necessary training in 
"leading" a high-speed, maneuvering target. Tar­
get rockets could be fired toward, away from, or 
across the line of fire of the guns either in low 
straight pa,ths or in a high looping trajectory, and 
should be able to simulate most of the situations met 
in battle. 

The newly formed err group took over the de­
velopment begun in the East. There were several 
advantages in beginning with the target rocket. It 
was a less complicated problem than most others, 
since neither head nor fuze were required. The 
main requisites were velocity and visibility-a motor 
with sufficient thrust and fins of sufficient size. The 
experience in designing the motor and firing the 
target rockets would give useful data which could be 
applied to the more difficult problems which were 
being undertaken while the target rocket develop­
ment was proceeding. 

The work was handicapped by troubles with pro­
pellant-both quantity and quality, and the early 
history of the target rocket is the history of the 
development of satisfactory propellant. 4 ~ Rockets 
were made, however, even though for a few months 
propellant failures were rather frequent, and on 
N ovembcr 29, 1941, the 78th Coast Artillery at the 
Mojave Antiaircraft Artillery Range got a chanee 
to shoot at three target rockets. This was a small 
beginning, but "rocket shoots" rapidly became 
bigger and more frequent. The verdict of officers 
and men was uniformly favorable. By the summer 
of 1943, for example, the target rocket range at 
Camp Pendleton, on the southern California coast, 
was scheduled for four weeks in advance. By the 
following December, when the Bureau of Ordnance 
Atandardized and undertook the production of two 

types of rockets and several launchers, the CIT 
group, developing and producing its own target 
roekets, had participated in training some 21,000 
men. Improvements in the rocket design continued 
to be made up until that time. 

Design.Features 

Motor. The first CIT target rocket motors were 
very similar to those which had been tested in the 
East, 3.25 in. in diameter and approximately 6 ft 
long. The only propellant available was 1.0 x 0.2.5-
or 0.87 x 0.25-in. tubes 5 in. long, and they were 
strung on a steel "cage" attached at the front end 
of the motor. In one design, the whole rocket was 
motor, and the gas from the propellant charge at 
the front had to traverse a long empty space .to 
reach the nozzle. In another design, the rocket 
was jointed in the middle, the rear part being 
motor and the front part empty tube. The latter 
design was tried out because it was thought that 
smaller heat losses might give better efficiency. 
Tests showed that the long motor with the dead 
space gave slightly smaller gas velocities, longer 
burning times, lower average pressures, and con­
siderably smaller differentials between peak and 
average pressure. It was chosen as standard pri­
marily because it was cheaper and easier to produce. 
Fourteen-gauge tubing (0.083-in. wall) was used for 
the motor in order to save weight, and the pressure 
was kept low by using nozzle ICs around 180 or 
lower (see Section 22.4). 

Earliest models had machined screw-in nozzles, 
but the spun integral nozzle (sec Figure 4A of 
Chapter 23) soon became sta,ndard. A front dosure 
involving an obturator cup and a piston ring was 
worked out, so that no threading was required on 
the motor tube. For attaching the fins, L-shaped or 
T-shapecllugs were welded to the tube. 

\Vhen single large grains became available, the 
propellant was moved back to the rear of the motor, 
and the grid was seated on a grid ring which was 
held in plaee by welding through four holes drilled 
through the tubing. 

After set-back fins were developed, the motor was 
simply shortened to 32 in. without other modificn­
tion. (See Figure 6.) 

Tests of multinozzle motors with the set-back 
fins were made, and three-nozzle motors were found 
to be satisfactory provided that the nozzles were 
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aligned with the fin longerons . Random orientation 
of t-he nozzles wit h respect t o t he longerons :lpp:l r­
elttly increased the dispersion. 

'!Cor its production, t he Bureau of Ordn:tncc prc­
fen·ed a motor <lcsign sitn.ihll' t o that- of othtlr 
motors in product-ion. Hen<;e 11-g:HJge tubing was 

P ropellant problems for the t-arget rocket were 
straight.fonnlnl onc;e Uu~ tcc;hni qm} of ma king good 
grains had been learned, nnd no sper:i:tl comment on 
them is rcqui1·ed . 

F-ins. Th<J fin probli)rn for t.hc tm·gct ro<·ket is 
obviously ent-irely dill'ercnt from t.hat for any other 

FtGURT:: 6. CIT target rockets. Loft : cnt·y 4-fin vm·iety. ll i{J1tt : set-baek fin variety with straight fins (final 
design has fins canted slightly to impart slo\v 1·otation) . 

specified and a nozzle design like that of, the M k 7 
AR motor (sec Figure 4C of Chapter 23) . Stud­
welded bolts with washers :md nuts were nlso speci­
fied in place of the L-sbaped lugs, and :\ threaded 
front closure was subst ituted for the piston ring. 
These changes increased t-he weight and decreased 
t he velocity somewhat, since t.he propellant grains 
were not chungcd. 

rocket. Tn addi tion to their being as latge as possible, 
the chief requirements a re t.hat they be relatively 
cheap to manufacture and able to withsbind the 
weather . As wi th nny rocket part, it is desirable 
•tlso t.hat t-hey be light. A l:t rg'' v11riety of fin con­
str uctions was tried, and it would serve no purpose 
to det-11il them here. T n nil cases they were made 
relat-ively thick, with fill internal structure to with-
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stand the accelerntion and wind forces, n.nd were 
covered with some thin materiftli aluminum, bur­
lap, doth of various types, plastic, and paper were 
among the things tried. 

The 6-ft motors had 4 fins approximately 1 ft 
wide and 3 ft long. After static firing had showed 
that the hot part of the jet does not spread very 
rapidly on leaving the nozzle, tests began on target 
rockets having the fins extending back beyond the 
nozzle exit plane. It was found possible by attach­
ing them to tapered longerons to set the entire fin 
back of the nozzle and thus do away v;>ith the neces­
sity for a long motor which had been required to 
move the center of mass forward. Improved fin 
construction together ·with the much smaller aceel­
erations given by the thiek-web single-grain charges 
made possible an inerease in fin width to 18 in. 
With the wider fin, the number could be reduced 
from 4 to 3 and still inerease the visible area over 
that of the long -:1:-fin target. 

The fin eonstruction which was fin:1lly worked out 
as the most satisfactory was to cover the framework 
with !1(;-in. fiberboard attached with staples and 
glue, and then to spray the whole fin with a coating 
of hot paraffin to make it watertight. The fra;me­
work is m:ide of high-quality white pine with 
tongue-and-groove joints nailed and glued. Such 
fins could be manufactured for less than $7 each 
in small quantities. 

It was found that canting the fins slightly gave a, 
considerable dcerease in dispersion, and with the 
set-back design it is easy to do. 'The longerons are 
fastened parallel to the motor axis and the fins arc 
attached to them with the rear end displaced in. 
from the front end. The resulting rotational velocity 
is between 1 and 2 rps. 

Contacts. Electrical eontacts on a molded bake­
lite cap which scaled the nozzle were used for a time. 
Since rapid loading is less important than certain 
contact, they were later replaced by ordinary house­
hold-type electric plugs which fit into receptacles on 
the h'ttmch~)rS. 

18.5.2 Launchers 

The older type target rockets were fired from a 
simple lnuncher consisting of two pieces of 1;!1-in. 
tubing with one fin extending down between them. 
With the standard design, this system was not 
practicable, and a so-called "M-rail" was designed 

which contacts the motor tube and two adjacent 
longerons. It can be mounted on the standard M1 
trailer launcher for Army target rockets. Separate 
trailer mounts and tripod mounts have also been 
used. 49 

Designations and Types 

Target rockets of various velocities from 450 mph 
clown to 200 mph were used at various times. They 
were usually differentiated in CIT reports by draw­
ing number, 3T4, 3T7, etc. Two velocities were 
finally ehosen, 290 mph and 415 mph, to be used 
rcspeetively for beginning and advanced training. 
In the final clcsignntion, all fast rockets are called 
3.25-in. :Rocket Target Mk 1 Mod 0, and all slow 
ones arc 3.25-in. Roekct Target Mk 2 Mod 0, except 
that in either case the addition of a :flare for night 
firing changes the Mod number to 1. The earlier 
designation distinguished between CIT (Mk 1 fast, 
Mk 2 slow) and Bureau of Ordnance (Mk 3 ft'Lst, 
Mk 4 slow) production. 

18.5.4 Reports 

Summary reports which discuss the development 
of the rockets themselves as well as the training 
tacties arc rcferenees 50, 51, .52, and 53. Reports 
on methods of tntining, seoring equipment, etc., 
include references 54, 55, and 56. On manufactur­
ing problems, see referenee 57. 

18.6 UTILE ROCKETS 

The various rocket projectiles with 1.25-in. motors 
developed by CIT ttre so closely related that they 
will be discussed togetber. They ·will be treated 
somewbat more briefly than the larger rockets be­
cause they are less important from the standpoint 
of service use and also because, once the funda­
mental principles of rocket design had become un­
derstood, their development was relatively straight­
forward and simple. They did have an important 
plaee, however, both in providing information nec­
essary for the design of brger rockets and in training 
Service personnel in their use. 
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18.6.1 Chemical Warfare 
Grenade [CWG] 

The chemical warfare grenade [CWG] was one of 
the earliest CIT projects, the first model having 
been fired in the desert test of December 23, 1941, 
whieh saw also the introduetion of its big brother 
the CWR. The specifications laid clown by the 
Chemical Warfare Service were payload, 1 lb of 
liquid in a frangible container; range, 600 yd; 
accunwy, 5 mils; trajectory, not to exceed 30-ft 
height in 200-yd range; projector, to be carried and 
operated by one man. Since it was thought of ns 
primarily for usc against tanks, the rocket w~ts 

originally called the antitank grenade [A TG], but 
this name became obsolete within a month. 

The service history of the CWO was dis~tppoint­
ing. · When it was. demonstrated to the Chemicttl 
Warfare Servieein April, the reception was unen­
thusiastic because. the bakelite head ·could not be 
used for FS, although the observers were pleased 
with its accuracy. Later tests showed that 1 lb of 
liquid was not sufficient to cause the damage re­
quired. Research on the CWG was therefore 
stopped, but it had served an important function 
in m~tking possible a large number of experimental 
tests with little expenditure of propellant, "\vhich 
was extremely scarce, and had yielded mueh in­
formation. 

MoToR DESIGN FEA'.l'D:rms 

The first motors were neeessarily designed to use 
the only solventless-cxtruded ballistite tube then 
available (1% in. OD by 74 in. ID) since tests had 
already demonstrated the matked superiority of 
this material to solvent-extruded tube. They were 
made of 1.25-in. outside diameter, 16-gauge steel 
tubing, threaded on the outside to take the front 
closure and on the inside to take the machined 
nozzle. Several motors burst at the undercut 
of the nozzle thread when the motor became hot, 
an(i the screw-in nozzle design was therefore 
abandoned in favor of the spun integral design. 
Several· hundred rounds of CWG motors were 
fired on the yaw machine, and the following facts 
were learned: 

1. Longer nozzles tended to give smaller side 
forces (range firings appeared to corroborate this 
with smaller dispersion). 

2. Integral nozzles "\Verc frequently distorted 
and cocked out of line by the heat and pressure of 
firing. 

3. If the burning time were short enough, the 
distortion did not occur. 

4. Side forces could be reduced by careful a1ign­
ment of the nozzle exit cone. 

Also shortly after the first CWO firing, the first 
calculations of malalignment effect were made, 
which showed that accuracy could be considerably 
improved by decreasing the burning time. 

On the basis of all this information, a double-web 
charge was designed to reduce the burning time as 
mueh as possible. It consisted of a Yz x 7;1; -in. 
tube inside a 1.0 x %-in. tube and gave a burning 
time of only 0.12 second at 70 P. Rounds were 
checked on a mablignment balance and carefully 
straightened to keep their malalignments small. 
The result was that the dispersion dropped from its 
original very large value to approximately the 5 mils 
desired. Experiments continued to at,tempt to 
reduce the dispersion of the single-web charge, but 
. they were doomed to failure by the gas malalign-
ment, which at that time, of course, was not under­
stood. A large number of field tests of the CWG 
with various launcher lengths, various burning 
times, ~l.nd various fin size:s during 1942 established 
the correctness of the theory of dispersion which was 
published in reference 58 and formed the basis for 
all subsequent finner development. 

To avoid the complicated assembly operations 
involved with the tubular double-web ch~crge with 
its numerous celluloid strips, a l-in. 4-spoke or 
~rokra" grain was extruded. Since its burning time 
was short, it gave good dispersion. Its gas velocity 
was somewhat smaller because of the slivers left at 
the end of burning, and considerable difficulty was 
found in trying to make the cylindrieal portion and 
the spokes burn at the same rate. Interest in this 
grain shape declined with the abandonment of the 
CWO. 

The grid origiMlly used for the tubular double­
web charge was a complicated structure of four legs 
and a ring. An adaptation of the box grid having 
six pieces instead of four was found to work better 
for both double-web and 4-spoke and was adopted 
as the final standard. 

The double-web CWG is shown in Figure 7. 
Features other than the motor require little com­
ment. The head was formed of an 18-in. bakelite 
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tubr, 1.62 in. in out.•iclr cli:tmctcr, elo.cd nt the• 
fronL <•ncl by a hcm i,pbcriml sl10cl cap :ond cxtclld· 
ing bttck severnl jn('hc~ ovcl' (,he tnot-or LQ a :support­
ing shoulder of sufficient widt h to maintain uc· c·nmt~ 
nligmnrnt . Sevcwl types of ;tubilizing fin~ were 
tc~tcd, including a foldin~ design with four -l x 
Ll2-in . blades which oprncd by means of spring$ 
from 11 rcctunglc 1.()2 iJl. ~qu:uc t<:> a radial position. 
They worked sat i>factorily, but were :tbancloncd ns 
tuo compliented , and four fixed radial lin• wr•r•' 
ndoplccl. 

I{ t:l'<)ll'Jb OK Til£ ('\\'(: 

~cc references .')8, 59, C.O, 61, and 62. 

usc the same head ns the 200-fps, but the very lonp; 
gmins gn vc such low gas velocities that t.he rcquirrcl 
velocity \\'1\S not reached. H11 thc1· t hlln extrude a 
thicker-web grain which could havll given enough 
impulse, it wns decided to retain tbn 1.0 x 0 .5-in. 
sh:\i><' :mel u<c another sWI lighl~r hcnd . 

T he bends ;ore identical except for length and arc 
marhined from 2.5-in. steel bnr stock . Originlllly 
they cunt :1incd a shotgun sh~ll which, on conlncl 
with t he lu l'gOI , wns set oJI b.v " firing pin whi ch 
projected in f1'011t of the he:1d. The shells were found 
to be un~afc to handle and umwrcssnry since Llw 
thud of the hc•Hl itself on the subrnarinc hull was 
cnoujlh to tell the occupanh thnt n hit had bc•cn 
SCOn.'11. The shell was tbereforc• abandoned. 

F"IC:URF: 7. Assembled CWG and cuta·wtlY showing nozzle anti he:nd c-onstruction and do\lble .. wcb tubular 
charge. 

'"·"·" Stll>calihc•· Rockets 

The neutc shortage of l~aiiL<titc which pln~:uctl us 
,..,n,tuntly during the li,.,t two Y""ors of \\'orld 
W:or II made the rh·v~lopment of subealibrr prac·­
ticc rounds imperaliv<·, nlt.houl(h they would have 
b<:r.n useful in nny ca~e . Development. of t.ho sub­
caliber ASH. (1 75 fps) bCI(IIll 11lmost simull:\nCously 
with that of the tlrift gignnl rockets (sec Section 
19.1.6), and by arlju,ting the head weight it was 
po>•ible to lli'C tbt• fn>t drift •ignal motor with the 
:uldition of a ring (ail for th~ pmetice . \ SH. 

Tlw intrcaS(' in velocity to mateh th~ 200-fps 
\',\It was ac<:otnpli,Jwcl wit.hout changing the motor 
,i1nply by shortening and light.nning t he hcud. It 
w:•• hnpr•cl that the 300-fps subcaliber \'A I! could 

Launchc•·• fm· Llw subcalibc•· •·omHla a rc boxlike, 
furnwd by bending stool •hcd, and ndapled to 1"• 
attached '" thr launchers for the full-seale rounds. 
The one for aircraft firing (2.5-in. !locket Launcher 
Sub<·alil><:r 'lk 3 :\!od 0) jg •hown in f;' igure 8 . 

R BPOll'fS 

The only c>llir·htl C IT rcpoa·L on Lhc subcalibcr 
ASH. proj~etilc itself is n·fcrcneo &~, which was 
written wry early in its development when it .till 
used the C\\"G motor. T he .ubcaliber YAR's arc 
di$Cu>:wd in several of tho reports on hill-scale 
ammu nition (•et• Rcction l!J.l. l) . Reports by the 
)!orris Dam group on t.hc undcrwnter pcrformnnce 
of the various models iJlclutlo rcfCI'Cnccs G!, 65, 66, 
6i , 68, and (19 . 
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FlGUH£ 8. Subcttliber VAR being loaded jnto 2.5-in . L~uncher i\lk 3 mounted on 7.2-in . Launcher Mk 1 ?\'lod 
1 unde1· wing of PBY-5. Compar(! with Figure 1 of Chaptc1· 17. 

lil.6.3 Rocket Gr enade 

The last rocket having" I .25-in. motor which was 
developed was the incendiar-y rocket grenade [lltG]. 
Its purpose was very s imilar to that of the CWG, 
which it resembled >llso in its history, since it was 
tested extensively and brought to completion at just 
about the t ime that the Services <le~;ided th(lt they 
had no usc f<>r it. Jjke the CWG it was to be fired 
at a low angle and required high accuracy, but its 
head was provided with :;~, very simple sbearMwil-e 
impact fuze to <lisperse the contents rat-her tban re­
lying simply on the sbat.terh\l>; of the head on 
impact. 

The motm· was essentially the same as 1.25-in. 

i\·fks 1 and 2 except that to increase the accun\cy a 
nozzle with a long entrance cone and a smaller 
throat was used . The long no,zle gave slightly 
l<:ss gas <nalalig•uneni in ad<lition to lengthening the 
round . The smaller no~de g'we a pressure of about 
2,000 psi at. 10 F inst<Jad of l ,000 psi for t-he sub­
C>lliber motors, thus reducing the burning time and 
the dispersion. Approximately 5-mil accuracy wus 
attained at medium temperatures wit.h 11 launcher 
only 3 .5 ft long. 

Since the rocket wus intended to be fir()(! from 
a back-pack launeher which could be worn by an 
infantryman, several rat-her un.orthodox launcher 
designs WCI'e tried, but dcvclOplllCHt W'lS <lOt 
completed. 



. Chapter 19 

SERVICE DESIGNS OF FIN-STABILIZED ROCKETS 
FOR AIRCRAFT ARMAMENT 

By C. W. Snyder 

19.1 RETRO ROCKETS [VAR] 

HARDLY HAD TH1il antisubmarine rocket [ASR] 
program (see Section 18.2) gotten under way 

in the summer of 1942 when high-priority experi­
mental work began on the problem of adapting the 
rocket to aircraft use. The development of the 
magnet?:c airborne detector [MAD] had made it 
possible to detect a submerged submarine directly 
beneath the airplane, but, by the time the target 
was detected, it was already too late to use the con­
ventional type of bomb. It was suggested that by 
rocket propulsion a bomb could be given a velocity 
equal and opposite to that of the aircraft so that it 
would fall almost vertically from the point of firing 
and hence could be triggered by the signal from the 
MAD. 

The first question to be settled .was which direc­
tion to point the rocket. During burning while the 
rocket is picking up speed, its velocity relative to 
the ground is less than that of the airplane so that it 
is moving in the same direction as the airplane but 
"'ith decreasing velocity. (See typical trajectory in 
Figure 1.) If the rocket is accelerated by its own 
motor, it will be moving backw~trds through the 
air during the whole burning time, nnd in this 
n,ttitude the tail fins will increase the yaw instead of 
decreasing it. It was thought, therefore, that the 
rocket's flight might be better if it were pointed in 
the direction of the airplane's motion and pushed 
out of the launcher by an auxiliary rocket, called a 
11mule," which separated from it after the end of 
burning. 

The first firing of an American rocket from air­
craft in flight took place on July 3, 1942, when 
severalASR's were fired backwards from a PBY-5A. 
The 11mule" tests were made with a nonstandard 
type of ASR with a round nose and a streamlined 
afterbody, but, for the tests in which the ASR was 
accelerrttcd by its own motor, standard ammunition 
was used. It was quickly found that the latter 
system gave only about one-third the dispersion of 
the former, so the use of the ' 1mule" was abandoned. 

19.1.1 Designation and Types 

The ASR was satisfactory for vertical bombing 
from the PBY, but it was too slow for most other 
airplanes on which installations were contemplated, 
and a new series of motors had to be, designed. 
Initial tests wen) carried out with 2.75-in. motors, 
nnd a tubular three-ridge grnin suitable for this 
caliber was extruded and tested. The development 
was not completed, however, and 3.25-in. motors 
were chosen for the purpose because (I) the grain 
which could be put into a 2.75-in. motor would 
not give the 400-fps velocity required for the B-24 
airplane without unduly increasing the burning 
time, and (2) 3.25-in. motors had already been 
developed for other purposes (it was in £net one 
of the first sizes on which work had been done by the 
project) and it was felt desirable to keep the number 
of different motor calibers to a minimum in the 
interest of standardization and simplicity. This 
decision was made in December 1942, and by May 
1943, three 3 .25-in. motors had been developed and 
standardized. 

The terms "retro" and 11vertical" have been used 
rather loosely and usually interchangeably to de­
scribe rockets fired backwards from aircraft, although 
it was origimtlly suggested 1 that "vertical" be used 
to describe bombing in which the rocket's velocity 
simply canceled that of the aircraft and "retro" 
be reserved to apply to the case where the rocket 
has considerably more velocity than the aircraft so 
that its fall relative to the earth is no longer approxri 
imately vertical. Since the original intention vms to 
use truly vertical rather than retro bombing, the 
series of rockets designed for this pmpose were 
known as vertical antisubmarine bombs [V AB or 
VASB] and later as vertical antisubmarine rockets 
[V AR] (see Figure 2). In cases where the Mark 
numbers (of which there are two sets as for the 
ASR) are not given, the members of the VAR 
series are usually distinguished by their velocity or 
by their drawing numbers: 7Vll, 7V12, and 7V13. 

The three V AR motors differ from each other 

165 
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only in the following respects: (l) motor length, 
(2) grain (originally it was intended to have the 
grains differ only in length, but it turned out to be 
preferable to use a slightly thinner web for the 
shortest one), (3) nozzle diameter and contour, and 
(4) length of igniter leads. The motors are designated: 

3.25-in. Rocket Motor Mk 1 Mod 0 
(7Vll, 210 fps); 

3 .25-in. Rocket Motor Mk 2 Mod 0 
(7V12, 310 fps); 

3.2.5-in. Rocket Motor Mk 3 Mod 0 
(7Vl3, 400 fps). 

All use the Torpex-filled Mk 6 head. Complete 
round designations, old and new, are given in Bal­
listic Da,ta,2 which also lists several other com­
binations. 

defection 
VERTICAL BOMBINS TRAJECTORY (PBY-5) 

dp "' separafion of MAD anti Ajs Bomb& 

Vp t,.;"' mofion dur:'r"J in.sfrumenfa/ delays 
Vp TtJ = " " d iJnif/on # delay 
~ vb t-6.., burnin!J or •stoppin!/ disfonce 

(vb-Vp)tf ~ mofion durin!J fall 

clu= underwofer frovel 

I 

' ' I 

' ,.,.___ Underwafer 
I Tr~ecfory 

' I 
I 
I 
I 
I 

FIGURE 1. Typical vertical-bombing trajectory. 
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19.1.2 Design Features 

Heads. The Mk 6 head is patterned after that 
of the ASH but is slightly shorter and has a thinner 
wall. 

Fuze8. For submerged submarines, the ASR 
fuzes-either HIR or underwater-vane-arming­
worked satisfactorily in vertical bombing, but it was 
felt desirable to have a fuze which would function 
also against surfaced subs, and development of sueh 
a fuze was undertaken. Considerable work was done 
with AIR-type fuzes, but the velocity of the rockets 
relative to the air wa.s so low during most of their 

Because of the swaged tube, it is necessary to insert 
the nozzle from the front end, and to obviate having 
to press the nozzle in the whole distance, thus gall­
ing the inside of the tube, the tube's inside diameter 
is reduced from 3.01 to 2.9 in. in the region where 
the front end of the nozzle and the grid are located. 
This reduction in port area increases the internal J{ 

of the motor, but with low-performance motors it is 
not serious. Box grids are used. 

Taas. The tail design is identical with that of 
the final ASH, but the shroud rings are 7.2 in. in 
diameter instead of 7.0, so that the same lug band 
V\rill fit both tail and head. 

~--------------------4MO----··----------~ 

.. 
··---;:! 

~~L-. 
BODY SPIRAL, RIGHT HAND, 

5" TO AXIS 

-.ZT 

FIGURE 2. Section drawing of one of the VAR series. Others differ only in length of motor tube and nozzle 
diameter. 

flight time and their yaws were so large that it was 
difficult to mf.tke ~t propeller work reliably. "l'he solu­
tion was the SIR (see Chapter 16) which was armed 
after a specified number of rotations of a flywheel 
by tl clockspring. It was designated the Mk 139 
Mod 0 and was used on all vertical bombing rockets 
except the ASR. 

Motors. The relatively low stability of the bar­
mge rocket [BR] with its 2.25-in. motor and 4.5-in. 
tail had indicated that a considerable decrease in 
tail efficiency could be expected with the 7 .0-in. tail 
if the motor tube diameter was made too large. 
Firings of the 2.75+in. motors gave good results, but 
those with 3 .25-in. motors indic~tted decreased sta­
bility. Hence it was decided to reduce the tube 
diameter to 2.75 in. at the rear, as shown in Figure 
4D of Chapter 23, in order to get more air through 
the taiL Formed insert nozzles were chosen for 
cheapness since accuracy was no problem, the dis­
persion of the rockets in vertical bombing being less 
than the uncertainty in the position of the aircraft. 

Grains. To minimize the forward travel of the 
rockets, t:t short burning time was desired, and after 
static tests a web thickness approximately the same 
as that of the ASR grain was settled upon. 

l.?.l.3 Launchers and Service Use 

The first and largest launcher installation de­
veloped for V AR's was that on the PBY-5A or 
Catalina flying boat. It consisted of 24 channels, 
12 under each wing, formed from ~~-in. Dural sheet, 
the individual rails being fanned outward by vary­
ing amounts to spread the impact pattern. The 
rockets were hung under the channels on lug bands 
which rode on the turned-in edges of the channels. 
An intervalometer was inserted into the firing cir­
cuit so that the rockets were fired in three sym­
metrical groups of eight to give an impact pattern 
a,pproximately 140 ft wide and 40 ft along the 
direction of flight. 

The next plane equipped was the B-18, which 
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carried 16 steel launchers similar to those on the 
PBY. The original launcher design for this airplane 
was a Dural tube in which the rockets fitted fairly 
snugly without requiring lug bands. These were 
objectionable because they caused much more drag 
on the airplane than the flatter channels but prin­
cipally because the aspirator effect of the nozzle 
reduced the air pressure behind the rocket so much 
that the burnt velocity was reduced as much as 20 
per cent in some cases. The B-24 was also equipped 
with launchers on the fuselage. Neither of the 
Army planes took the VAR into combat, however, 
because sole responsibility for aerial antisubmarine 
warfare was soon assigned to the Navy. 

The PBY and the TBF (earrying 4 launchers on 
the fuselage) actually used the rockets against 
enemy submarines with good effect. Vertical bomb­
ing proved to be much less useful than had been 
expected, however, because of a change in German 
submt'trine tactics. Vertical bombing theory assumed 
thnt the submarine would be submerged or getting 
there as mpidly as possible, but, during tbe latter 
part of 1943, German subs began staying on the 
surface and fighting it out with their deck guns. In 
this sitw"ttion lt was too dangerous for the attacking 
plane to make a straight run at low altitude as was 
required for vertical bombing. Only in special areas, 
such as the Straits of Gibraltar, where submerged 
submarines attempted to slip into or out of the 
Mediterranean, were the potentialities of the VAR­
MAD combination fully realized. 

As development of various installations pro­
ceeded, the emphasis shifted gradually from vertical 
to retro bombing. Firing backwards with a velocity 
considerably exceeding that of the phtne had the 
advantages that (I) the rocket was more stable so 
that yaws on striking the water were smaller, (2) the 
launchers could be pointed slightly downward or 
even at a considerable angle so that flight time and 
hence dispersion could be reduced, and (3) firing 
could be delayed until the plane was somewhat past 
the target, thus simplifying the sighting problem. 
Considerable experimental work was done with the 
BR from the A-20 and the B~ 18, but no service 
requirements for the installations materialized. 
Photographs and brief discussions of the inst~tlla­
tions are contained in the summary reports on 
retro bombing,l·3 but further details can be found 
only in the weekly progress reports of the period. 

Tests of retro firing of 100-lb bombs propelled by 
six ASR motors were also carried out. 4 

19.1.4 Reports 

References 3, 5, 6, and 7 give a complete account 
of the progress of the vertical-bombing progmm 
from beginning to end, discussing both the ammu­
nition and the installations. A bibliography of 
various other reports pertaining to particular in­
stallations is given in reference 3. 

19.1.5 Related Rockets 

Although the V AR motors did not find extensive 
use in the application for which they were originally 
designed, they were adapted by Army and Navy 
Ordnanee for various other purposes. An example of 
this is the "Cutteroo Grapnel," to propel several 
multipronged hooks and a steel cable. When the 
hooks were pulled back, they could clear out barbed 
wire, detonate land mines, or do other jobs. A 
similar use of the motors, in which CIT was directly 
involved, was in obtain.ing samples of the earth 
from the center of the cra.ter at the first atomic 
bomb test in New Mexico, .July lU, 1945. The 
existenec of three motors differing in thrust but 
being otherwise interchangeable made the develop­
ment of such uses relativeiy simpie. 

The first model of the 3.25-in. Aircraft Rocket 
Motor, the Mk (j, utilized the same nozzle design as 
the VAR.'s but with a different tail. It is discussed 
more fully in Section 19 .2 .2. 

The first "window" rocket (3 .25-in. Rocket Mk 4 
Mod l) used the Mk 2 VAR motor intact except 
for the tail, which was cut clown from the tail of the 
Mk 6 motor to enable firing from T-slot launchers. 
The only serious design problems in connection with 
the window rocket had to do with the ejection 
charge in the head, which has been discussed in 
Chapter 16. The purpose of the rocket was to eject 
at the peak of its trajectory its load of metalized 
paper strips to confuse enemy radar. Although the 
range of the rocket was rather short and the relia­
bility of the ejection charge not all that could be 
desired, it was effectively used at the time of the 
N ormancly landings and later. 

As discussed in Section 18 .4, the final model of 
the chernical warfare roclcet [CWR] used the Mk 3 
VAR motor with a thicker-web charge. 

The Mk 3 motor with a special tail was used also 
for the smoke float rocket, which was developed in 
1943.8

•
9 
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H'.l.6 Drift Signal Roc k e ts 

As soon as it had been shown that. vertica l bomb­
ing of submarines W(lS fcnsjble nnd the t-<.tdics began 
to be worked out , it was <IJlparen t, t lutt a me!lns uf 
marking the sub.rnal'inc's position w~ls n!quired. ·rhe 
lllr<rker s hould be rod«Jt~propcllcd so as to duplicate 
t he trajectory of f,be vert.ihtl bombs t.hemsclvcs. 
The palrol pi<Htc tt.mltl tltcn ct·uise ai low altilu<ln 
oveJ· t.ho ocean, and , if :l mugnctic signal lj ke that of 
:l sul)mariJH} wu::; rcccjved by t.he J\fAD~ it would firr• 
a mnrket. By nntl,jng $Cvcr~•l pnsses OVC!r the sub 
:nld releasing n m~nkc.r al C!t\.ch conbtct., it:> co~1 rsc 
and spe"d <:oulcl be est-imated so t.haL th" <H: ~ual 
bombing Ht hlck cc.uld be made wit.h t he best chance 
of slu:t:<!..')S. 

Standard :\av~· drif~ sigMls were to be used, the 
weight of which w•s onlv :<bolll4 lh (t htl on~ finally 
adopt.cd weighed only 3 Jb), so t.h:tL ><ufficitJn~ 
Yclocity cou ld C;<sily ])(, at.ta illccl with l .25-in. 
motors. Thn prohlc.m wns to g<·t t-lw righ1 vclo,·ity 
to match the lrajcw tor~' of t.lte \'AH a nd to igu.i le 
(he Hare lH•ad$ . The fiJ-st wotlt•ls ut i lizctl t-he che-mirol 
tv(llforc (lre>@fe [C IVC:] motor with l-11<' 4-~pokt• 
~llltrgc ($Ce Section J 8 .().1), "nd n>thc1· extensive 
.sl-at.i<:-fi ring lc!i-;t:;. of V9l'ious lengt.h~ oi grnin were 
mndc, since velociti0s a~ low }ts 35 knot..'5 'ver(-! under 
d i$t;ll:;sion . rt was found tha~ t.hc shorter gra ins 
required higher ni>zzlc Ws for sntisf:lct.ory burning, 
even tt.~ high as 250, <lnd thttt radial boles greatly 
i lll))ro,·ed tltc. bt.n·lUng chnracteristic:.s or the mult.i­
wcb grains just. as i t hatl for the tubula r. Percussion 
ignit-ion WHS used on the earliest tnodclsJ a spl·ing­
loadcd ficiug pin firing ;t .32-calibor blank <;itrt~·iclgc 
i.nto 4 g of ~1uickmi,ldt in t.he front end of the 
mohlr. T his w11s SOOJl nb;ludonc<l for clcct.rical 
ignition , however. 

Tlu; short bnming time gi vcn by t he 4-spol<c 
grftin w.:ts no ftdvantagc for tbis mot..or, <Htd it \n~s 
more complicated t.o extrude. A l.Ox0.5-in. three­
ridge t ubular gfnin was t-hert!fore specified, and it 
bccmne stftndftr<l for all 1.25-in. molors . T'riHL 9f 
:;cvernl noz~Jo designs resulted in the >tdoption of 
du~ swaged· in rnnchined nozdt), showt'l in Figure aB 
of Chapter 23, and it, lou, be<·ume standard. Ig­
niliou or t he thtre ltead was t!asily :tccmnplishcd l;y 
letting t.be tlu·ust of t.hc motor shear a wire, allow­
ing t.he motor to move forward in a sleeve a nd st.rike 
a blank cart-ridge in t.he 1·ear of the be~td . After the 
thrust ceased, mol.oJ' aud head were separa~d by" 
spriug, s ince t he weight of the motor would other-

wi~l) sink the head. Tbe burJtiJ1g \itnc of tl>e motor 
wfls so shorh and the ammunition dispersion so 
small a (mction of ~h(, overall di,persiou tll"t no t<~il 
was found to be required on t.hc motor. 

D uring t.lw cuuroo vf bombing cxpct·imcn t~ at the 
Golrlstouc llangc .iu the Mo.i:t<~e Dest~r~, one im· 
portant.. lc~~on was 1e~H·ncd the b~-n·d way when t\ 

wotcn· ejected its nozzl<' , "'hich pierced the do~cd 
brctJch of t.hc launcher, nnnowly missed the man 
who wus lom]ing it; went out through t,be W~\11 of the 
tabin, and cnterc-!d tlH~ g;tsolirw tank in the wing <>f 
t.h<' PBY, where it W!IS brougbl t.o 1·esc by the high 
drng of tlu' g:"oline. After t.hc ~cveru .l lnn1dred 
gullon:: of pw:ciOUli fuel hlHI dnl inod out and <)VHJ>f>· 
rate<l1 t,hr nozzle wns I'Ccoveted nnd found to be. 
neat ly pluggt>d by" little t.nhe of cellulose ;~cctatc , 

F lOUR& 3. Drift signal roe.ket ill Mk 2 launcher. 

t.hc squib comp!lr tment of t he molded phlstic igniter 
which bad just b,-,c:ome s tandard a few d:>ys bef01·c. 
·Thcrc~tftcr igniters for stnrtll-nozzle roclwts WC-!re 
carc•fully clcsigntJd t.<) :woirlnny possibility of large 
fr:>gment.s. 

l.n ClT repo•·ts, these rockets were fit'SL c:tllecl 
vertical flare bombs IVFB] or >uwtical }fare ,·ockcts 
[VF.Lt] and la.ter verticuf. jloaf. lig/iJ.. . Eatlier Navy 
tlesignalitln was Dl'ift Sigtutl Jtockcts Mk Iii and 
1\fk Hl, but the latc•t nomenclature drops Lhc lVlnrk 
numbct·s "'"I specifics t.hcm by veloeity- 200 Ips 
Mtd 300 fps . Other slower models were worked on 
but. not-stauchmUzecL 

LAUNCHERS 

T he t.il(;t,ics of subn:mrinc lmnting with aircraft 
requi1·ed thM i L be pOS$ible LO fire '' «Onsitlcrllblc 
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nulnber of drift signals, and a reloadable launcher 
was therefore indicated. A closed-breech launcher 
was designed with a loading door on the side at the 
renr. It projected backward and about 15 degrees 
dovmward through a hatch in the under side of the 
pbne near the tail. The flare head ran on guide rails 
inside the main tube with about 1 in. clearance on 
all sides so that no pressure built up inside the 
launcher. After the accident at Goldstone, the 
breech of the launcher was reinforced with a steel 
plate. A twin buneher of this type (see Figure 3) 
was adopted as standard and designated the Air­
c:raft Rocket Launcher Mk 2 Mod 0. 

The drift signal rockets were made exclusively for 
vertical bombing, and their service record is there­
fore identical with that of the VAR's. 

REPORTS 

The drift signal rocket is discussed in most of the 
reports on 7 .2-in. retro rockets (see Section 19 .1.4). 
See also reference 10. 

19.2 

19.2.1 

3.5-IN. AND 5.0-IN. AIRCRAFT 
ROCKETS [AR] 

Development History 

When the CIT group began, the development of 
medium- and high-altitude antiaircraft rockets was 
one of the principal projects assigned to it, because 
the development of such a high-performance rocket 
would necessarily depend on the development of 
techniques for dry-extruding very large propellant 
grains. A few field tests of such rockets were made 
in the early days of the project, but little progress 
could be mnde until the 8-in. extrusion press \Vas 
put into operation in April 1942, and by this time 
the ASR, BR, and other rockets had taken a higher 
priority. Some work on high-performance motors 
went on during 1942, but it·was mainly with 2 .. 25-in. 
motors because grains and metal parts could be 
produced ehettply in this size. 

In the early spring of 1943, with the virtual com­
pletion of experimental work on the BH, the prob­
lem of designing a 3.25-in. motor with ns large as 
possible a propdla,nt grain was attacked with vigor. 
This caliber .was chosen because di!:ls for extruding 
tubular grains were available and because it was 

desired to duplicate with ballistite the performance 
of the British cordite-propelled UP:3, which had 
been put into service in 1941. 

During March and April, static and field tests 
were made with CIT -extruded tubular grains of 
eordite and ballistite in 14- and 11-gauge motors 
and the follmving results were established: 

1. With either propellant, a refractory coating is 
necessary on the interior of the 14-gauge tubes, 
since otherwise heat failures nrc experienced at high 
temperatures. 

2. The thickness of the 11-gauge tubes is suffi­
eient to make refractory 1mnecessary with up to 6.8 
lb of ballistite, but fL f[tirly small increase in burning 
time might make the motor unsafe because of 
heating. 

3. In static firing, grnins of 2.5x0 . .1J:-in, three­
ridge ballistite weighing 6.2 lb were satisfactory up 
to 130 F with either rod stabiliza.tiou or radial holes, 
and 6.8 lb was satisfactory with rod stabilization. 
In the field with the addition of the setback force, 
the 6.2-lb rod-stabilized grain was satisfaetory at 
high temperatures, but the other two were not. 

In May the Bureau of Ordnanee requested devel­
opment of a ship-to-shore rocket to have a range 
not less than 10,000 yd with any of three inter­
ehangeable heads: (I) a light-ease head for chemicaJ, 
smoke, or high explosive for bhtst effeet, (2) tt high­
explosive fragmentation head, and (3) an inecndiary 
head. The motor was speeified rts 3 .25-in. diameter, 
and, although the head weight was not specified in 
the directive, initial experimentation was conducted 
with n head having the weight of a 75-mm shell, 
approximately 13 lb. It was found that the rod­
stabilized 6.8-lb grain would achieve the required 
rauge but the 6.2-lb grain would not. Neither was 
satisfactory, however, because the stabilizing rod 
was eroded through and ejected white-hot near the 
end of burning. 

Meanwhile, when . the difficulties involved in 
increasing the weight of a tubular charge had begun 
to become apparent, the propellants section had 
eommenced work on extrusion dies for a cruciform 
eharge,11

•
12 the British having had good success with 

a grain of similar shape. After the technique of 
inhibiting these grains and the proper arrangement 
of inhibiting strips had been worked out, a 9-lb 
cruciform grain gave exeellent performance stat­
ically even at 140 F. This weight was sufficient to 
give 10,000-yd range to a 20-lb head provided that 
the fuze had o, small enough drag, 
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Early field tests of the upper temperature limit 
of this grain were complicated by the fact that the 
grid seating surface at the front end of the nozzle 
\vas too narrow, so that, when motors burst rmd the 
recovered grids and nozzles gave evidence thnt the 
grid had slipped, it was impossible to determine 
"lvhether the grid slippage had been the cause or the 
result of the high pressure which burst the tube. 
Numerous failures at both 120 F and 130 F were 
experienced, and even yet the full explamttion for 
them is not known. They nearly always happened 
after the motor had left the launcher, but the time 
of burst varied all the way from less than one-third 
burnt up to nearly seven-eighths burnt. Failures 
occurred at the nozzle end, in contrast to the be­
havior of all other motors, but was not the result of 
heating because the camera records showed that, 
they were preceded by a definite increase in acceler~ 
ation and in the luminosity of the jet, presumably 
because broken pieces of powder began to be ejected 
and to burn outside the nozzle. One piece of grain 
w1~s recovered with a piece of inhibitor strip att1whed 
which showed that the front ends of the inhibitor 
strips were completely eroded away before the 
middle of the burning time, and this was imme­
diately eonfirmed by partial burnings with ll-gauge 
motor tubes, previous firings having failed to dis~ 
close it beeause they were made with thicker tubing 
whieh did not heat up so much. This experience 
taught us another important lesson, that static­
firing tests should be done with completely standard 
motors. 

Even after the inhibitor strips had been increased 
from 0.05 to 0.10 in. in thiclmess to prevent their 
eroding away and decreased from 8.5 to 7.5 in. in 
length so as to make the burning more regressive 
and reduce the end pressure peak, and the grid 
seating surfaces had been made adequate, occa~ 

sional bursts at 120 F, frequent bursts at 125 F, 
and about 80 per cent bursts at 130 F occurred. An 
inercase in nozzle diameter from 1.44 to 1.50 
improved the performance greatly, giYing only one 
burst out of 33 rounds at. 130 F and none out of 100 
at 120 F'. Nevertheless, in proof firing a few weeks 
later, one motor burst at 120 F. This burst impelled 
the decision, which had previously been contem­
plated, to reduce the grain weight from 9 to 8.5lb in 
order to raise the upper temperature limit to the 
point where the rockets could be proof-fired at 130 F 
and approved for service use up to 120 F. A some­
what later change in motor design, which redueed 

the internal J{ slightly, gave still better high-tern­
perature performance, as mentioned later. 

The adoption in September 1943, of the 8.5-lb 
grnin, litter designated the Mk 13 grain, solved the 
most difficult problem of the 3.25-in. AR motor. 
While the propellants and mo1i0r design groups had 
been preoccupied with thi;s problem, other develop­
ments had been taking place which had changed 
the nature of the roeket dntstieally. The British 
suceess in adapting the UP3 to antisubmarine use 
from aircraft strongly indicated the desimbility of a 
parallel development in this country. Thus in E)arly 
June, a 20-lb solid steel head hncl been designed, 
and aircraft forward~firing launcher development 
had begun. Forward-firing tests from airplanes in 
flight, first with British rockets nnd soon with CIT 
rockets, became more and more frequent. By the 
middle of August, the AH had been assigned the 
highest priority among all the antisubmarine weap­
ons, and CIT had been requested to manufacture 
10,000 rounds per month until Navy eontmctors 
could get tooled up to begin. One month later, the 
request had been increased to 100,000 rockets in six 
months, and this number was actually delivered by 
the end of the following Mareh. 

Although the original purpose of the 3.5-in. AR, 
that of puncturing holes in submerged submarines, 
required only a solid steel her-td, other uses of the 
rocket developed much more rapidly than the rocket 
supply, and other heads were designed. In pttr­
ticular, the base of the 5 .0-in. AA common shell 
was boat-tailed [tnd bored out to take a motor 
adapter ttnd became the 5.0-in. Rocket Head Mk 1. 
The combination of this head with the 3.25-in. 
motor became known as the 5.0-in. AR and ulti~ 
mately overshadowed the 3.5~in. AR in importance 
as the submarine menaee declined. 

)9.2.2 Motor Design Features 

The first motor which was extensively tested was 
the 3A9 (designated by its dmwing number series). 
Since it was designed for long-mnge firing, it was 
made as smooth ns possible on the exterior. At the 
rear, the motor tube was swaged to a· smaller diam­
eter for a distanee of 6 in. to allow the tail, eonsist­
ing of four radial fins attached to a cylinder (sim.ilar 
to the CWG; see Figure 7 of Chapter 18), to slip 
over it without increasing the outside diameter. 
The head was the same diameter as the motor tube 
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and was attached by screwing into an internally 
threaded ring held in the motor by a piston ring and 
sealed with ~\n obturator cup.· The only protuber­
ances beyond the 3 .25-in. diameter were the four 
fins and four little buttons, two at the front and 
two at the rear, which, in addition to supporting 
the round in a T-slot launcher, held the threaded 
ring and the fins in position. The primary diffi.­
eulties with this design were that the rather com­
plict1ted front closure increased the motor loading 
time and the lug buttons, which were Eimply 
threaded into place, were not thought to be safe 
enough for aircraft use where constant vibration for 
long periods might loosen one of. them. 

When it became apparent that the principal use 
of the rocket would be from aircraft at relatively 
short ranges, where drag was no longer important 
but greater stability was desirable, it was decided 
to make the head 3.5 in. in diameter so that it could 
be threaded onto the motor and to increase the fin 
size from 3 x G to .5 x 8 in. The fin change neces­
sitated a redesign of the rear end of the motor, and 
to use available tooling it was made identical with 
the VAR motors which were in production. It wa.s 
thought that it might be desired to fire t,his motor 
with a VAR head and tail, but it turned out that 
this combination ht>d insufficient stability and was 
extremely wild. rrhe new motor was the 3Al2 and 
it became the fir8t standard serviee AR. motor, 
designated Mk 6. With a solid steel head (3 .5-in. 
Mk 1), it formed the 3 .. 5-in. AR Modell (see Chap­
ter 17, Figure 2). 

The 3A12 was soon abandoned because the manu­
facturers which the Bureau of Ordnance chose to 
produce the rocket in quantity objected to the 
complicated shape of the nozzle end of the motor, 
and the 3Al0 or Mk 7 motor was designed in close 
collaboration with them to make it as adaptable to 
quantity production as possible. 'l'he motor design 
involving the bead at the front end of the nozzle is 
discussed in Chapter 23 and is shown in Figure 4C 
of Chapter 23. It had an important advantage from 
the standpoint of ballistics also in that eliminating 
the swa.ged portion ahead of the grid decreased the 
internal K slightly. a Sinee the primary difficulty 
with the upper temperature performance of the 
motor was its high internal K, this was expected to 
alleviate the difficulty. An interesting analysis of 

" Internal J{ is the ratio of the burning area of the grain to 
the port area around the grain through which the gas must 
escape. See Section 22.4.2. 

the actual effect of the change is given in a weekly 
progress report. 13 The cbta must be qut"tlified with 
the statement that the number of rounds fired at 
the extremely high temperatures was not sufficient 
to give a low probable error, but, taken at their face 

FIGURE 4. 5.0-in. AR Model 12 as fired from T­
slot launchers and 3.5-in. AR Model 5 as fired from 
post launchers. 

value, they show that the probability of a motor 
burst with either motor increases very rapidly above 
140 F but is less than half as great for the 3A16 
as for the 3A12. 

The Mk 7 design was found to be quite satis­
factory, and production of the motor ran into the 
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millions, CIT contributing the first one-tenth mil­
lion. The first part of CIT's production necessarily 
used welded tubing, and, despite pressure tests on 
the motor, occasional bursts during firing occurred 
along the weld line. For its own and the latter part 
of CIT's production, the Navy procured seamless 
tubing of NE 8735 steel, which had more than 
adequate strength and eliminated this difficulty. 
This considerable increase in tubing strength left 
the nozzle the weakest portion of the motor, with 
the result that occasional nozzle failures were expe­
rienced in Navy proof firing at high temperature. 
There were three possible causes of the failures: 
(1) The nozzle exit cone may have had a very thin 
spot on one side so that the gas pressure in the 
annular space between it and the 1iozzle bulged it 
inward. (2) The end of the nozzle skirt may not 
have been brazed securely to the tube in one section 
so thnt again the pressure could bulge it inward and 
tear it ~tway from the tube. (:3) The grain may have 
been faulty so that the motor pressure simply rose 
to such a vB1ue that the weakest point had to yield 
even though it may not have been faulty. To the 
writer's knowledge, it was never determined which 
was the eause, although it was the opinion of the 
projeetile section at CIT that (3) was the most 
likely. 

A multinozzle design for the AR motor was exten­
sively tested and laid the groundwork for the design 
of the HV AR motor. Six nozzles in a circle and a 
central blowout nozzle were machined in a steel 
nozzle plate which was threaded into the motor 
tube. Carefully made motors of this type gave a 
dispersion of approximately 15 mils, which is a 
considerable improvement on the standard model. 
In reply to a request from the Bureau of Ordnance 
for a nozzle design that would eliminate the failures 
occurring in proof firing, the multinozzle design was 
recommended by CIT, but it was never put into 
production. 

Grids. The obvious shape for a grid for a cruci­
form grain was cruciform, and once the thickness of 
the four arms (>1 in. wide and% in. thick) had been 
determined by a few static tests, no further change 
in grid design was made except to reword the speci­
fications slightly whenever anyone thought up a new 
and better method for manufacturing them. The 
only difficult grid problem was how to hold the grain 
on it so that it would not rotate. The earliest 
method was to rivet a celluloid end washer to the 
grid and cement the grain to the washer with cellu-

solve. An immediate improvement on this design 
was to cement t), second washer to the grain and then 
cement the two washers together, thus protecting 
the rivet heads from any possibility of erosion. The 
indexing pins (see Figures 15 and 16 of Chapter 22) 
were soon adopted ~ts simpler and perhaps surer, 
although there was no evidence of failure of the 
other system. 

The so-called 11button grid," a design which would 
make it unnecessary to orient the grain in a partie­
ular way, was extensively tested. The grain rested 
on a steel disk, 1.38 in. in diameter, supported on 
the nozzle by a spider. The legs of th(~ spider were 
far enough removed from the end of th1~ powder 
grain so that adequate elearanee for the gas passage 
wt'Ls provided even though the spider legs might f>tll 
directly between the arms of the grnin. Static and 
field tests showed only negligible differences in per­
fonnance between this and the standard grid, but 
partial burnings showed that, because of the smaller 
bearing area of the button than of the standard grid, 
the end of the grain was deformed around the but­
ton. Since the difficulty at the upper temperature 
limit was almost certainly due to too great forces 
on the grain, it was believed that. the decreased 
support would surely reduce the upper temperature 
limit. Not enough rounds were fired to confirm or 
refute this belief, but it did appear that the effeet 
was relatively small. For shorter cruciform 
where the forces are not so great, button grids 
appeared very promising and were later used in the 
spinners. 

Lug Bands. The 3A9 motor h~tcl the threaded 
button lugs as already mentioned, and the original 
lug bands for the :3Al2 were of Dural with a riveted 
button of the same shape. These simple lugs were 
satisfactory because the T -slot launcher was shaped 
so as to bear on the cylindrieal portion of the band 
or motor to provide the sway bracing. The fabrica­
tion of the launcher in this shape was difficult, how­
ever, so it was decided to make the launcher surface 
smooth and put the sway braces on the lug bands. 
Large numbers of the 3A12 lug bands (so-ealled 
'

13 .0-in. lug bands") were on hand, and they were 
adapted simply by riveting little steel "ears" on the 
Durnl band. With the appearance of the 5.0-in. 
head, the 5.0-in. lug band was designed and became 
standard for all motors. The strange shape of the 
clamping mechanism on the .5.0-in. band was in­
tended to balance the large air drag of the opposite 
side of the band. It did not prove to be a very good 
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design, but the one illustrated in Figure 12 of 
Chapter 23 was not thought of until a year later. 
Since the bands were designed to fit the Mk 4 
launcher which became almost immediately obso­
lete, they were not very well adapted for the zero­
length launcher and should not be considered a 
model to be copied. To fit the rear post of the zero­
length launchers, the "tunnel" lug band was de­
signed. Its large "ears" serve the purpose of holding 
the tail fins in proper orientation, as does the sway­
bracing structure of the 5 .0-in. band (see Figure 5). 

FIGURE 5. Front and rear lug bands for 5.0-in. 
AR with 3.25-in. motor as fired from post launch­
ers. 

Tails. The simplest design of a radial-fin t~til is 
to form each fin and one quarter of the cylinder in 
one piece and weld the four identical pieces together, 
and this was the method adopted for all 3.25-in. 
AR motors. Since the motors were light enough to 
be packed four in a box with four fins nest,ed be­
tween them, the bulk of the tail assembly did not 
appreciably increase the shippjng volume. The 

3AJ2 tail had a threaded ring which screwed onto 
the rear of the motor tube and was held with a set 
screw. The 3Al6 design wa!3 much more satis­
factory, being simply slipped onto the tube and 
held by the tail ring which screwed on separately, 
and the 5.0-in.lug band fitting between two adjacent 
fins kept the tail from rotating out of position. The 
primary difficulty with the tail was that the bumped­
in portions (between the slots which c~m be seen in 
Figure 4) were not always made the proper depth in 
quantity production so that many tails were exces­
sively tight and difficult to assemble. It was 
aggravated by the fact that the 8735 tubing tended 
to have a larger diameter t,han the original tail 
dimensions had contemplated. In addition, the 
kind of handling to which rockets are subject in 
service resulted in the fins being rather frequently 
bent, causing wild dispersion. The double-fin de­
sign of the HVAR (see Seetion 19.4.1) was much 
preferred in this regard. 

Electr-ical Contacts. It was originally expected 
that large numbers of British RP-:3 would be used 
jn antisubm~uine warfare, and it was therefore de­
sirable to have the two rockets as nearly inter­
changeable as possible. The British were using n 
large and rather complicated electric plug for 
attaching the igniter leads to the launcher, and a 
simpler die-cast version of it was ttdopted as stand~ 
arcl for American aircraft rockets. The plug was not 
very sn.tisfactory; it was bulky, not waterproof, and 
easily damaged, and in addition it took too long to 
attach it to the launcher. Near the end of W orlcl 
War II, plans were made to replace it with a smaller 
plug which would avoid the difficulties and which 
would beeome standard for both Army and Navy 
rockets, but the change had not been accomplished 
when CIT ceased production. 

Caps. Because of the weight of the grain, it was 
deemed desirable to provide more positive support 
for the front end of the grain than was given by the 
fiberboard seal. A die-cast cap was designed, which 
threaded onto the front end of the motor, and in the 
space between it and the seal were inserted a length 
of earclboard tubing ~tncl enough perforated card­
board washers so that the cap would absorb the 
impact of the grain if the motor were dropped on its 
nose. The thermal expansion and contraction of the 
grain was provided for by a thick felt washer in~ 
sertecl between the seal and the igniter. As an addi­
tional safeguard against moisture, it was desirable 
that the front, cap be fairly watertight, but yet it 
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should not hold more than about 50 psi internal 
pressure so that the motor would not be propulsive 
in ease of accidental ignition. An attempt was 
made to groove the bottom of the cap so that it 
would blow out at low pressure, but this proved to 
be difficult and to require too close tolerances. The 
bottom was punched out of the cap, and it became 
merely a threaded ring which held a flat steel disk 
and a fiber washer }1gainst the end of the motor 
tube. This system was satisfactory. 

On the nozzle end of the motor, a drawn steel 
cup, held in place by the tail ring, also acted as n 
secondary moisture seal and held the electric plug. 
Rendering it nonpropulsive was a more difficult 
problem than for the front cap, and it was finally 
solved by the blowout patch, which later became a 
standard seal component (see Figure 13 of Chap­
ter 23). 

19.2.3 Heads 

The first head to be used in service was the 3 .5-in. 
Mk 1 (Navy production Mk 2) copied from the 
British head for use against submarines. It is shown 
in Figure 4 of this chapter and in Figure 3A of 
Chapter 15. It was replaced by the double-ogive 
Mk 8 (sec Figure 3C of Chapter 15) after the latter 
had been shown to have a much longer lethal range, 
and in fact the British also adopted it. Two other 
3.5-in. heads deserve mention although their service 
use was, to the best of the author's knowledge, very 
limited. They arc the Mk 6 smoke head (BuOrd 
:.VIk 9) and the Mk 3 high-explosive head (BuOrd 
:VIk 5). Both carried too small a payload (9 .4 lb 
of FS or 2.3lb of TN'l') to be very useful. Probably 
more AR's were fired with the 5.0-in. Mk l head 
than with all others. Earliest models had nose fuzes 
only, but the later practice was to supply them with 
a PIR base fuze t:tnd a SAP steel nose >vhich could 
be replaced by a nose fuze in the field. By means of 
the fuze-arming solenoid, the roeket could be fired 
so that either the nose fuze or the b~tse fuze func­
tioned, depending on the type of tB,rget. 

19.2.4 Fuzes 

The earliest nose fuze, the Mk 148, was adapted 
from the J\fk 137 BR fuze by using a smaller pro­
peller, tl protective etlp which was removed when 
the rocket was loaded on the plane, and an adapter 
to fit the threads in the fuze liner. As soon as pro-

duction could get under way, it was replaced by 
the Mk 149 Figure 4) which was specifically 
designed for aircraft rockets and has a streamlined 
body and a waterproof cap assembly which covers 
the propeller and protects the working parts of the 
fuze from weather ttnd icing until it is fired. It has 
also an acceleration-actuated shutter-locking pellet 
which delays the completion of arming until the 
end of burning. 'l'he first base fuze, the Mk 146 
with no delay, was later replaced by the Mk 157 
with 0 .02-second delay. 

Launchers ami Service Use 

The forward-firing launchers have been described 
in Chapter 17 and their use in service was so exten­
sive and so well publicized that. there is no reason for 
saying much about it here. The first submarine kill 
in which the AR was used was in the Atlantic on 
January 11, 1944. In this and in most subsequent 
submarine aUacks, however, it was difficult to 
assess accun"ttely the effect of the rockets because 
machine guns and depth charges were also used 
and because, as one Navy report slyly remarked, 
"the survivors nE;vcr survive so that they can be 
questioned." The first use of the 5.0-in. AB. in the 
Pacific was in a strike ttgttinst Rttbaul by Marine 
Squadron V::.VITB-134 which, unexpectedly finding 
itself in of 20 sets of Mk 4launchers, had 
equipped its TBF's without the aid of any instruc­
tions, located a shipment of rockets, rescued it from 
tlw ship's hold by cutting through a bulkhead 
rather than unload the ship, and then trained them­
selves for three days. Although theoretically 
rendered obsolete by the HVAR, t.he 5.0-in. AR 
continued to be used in large quantities in the 
Pacific until the end of World War II because the 
HVAR was not available in sufficient quantity until 
the spring of 1945. It was most successful against 
point targets: AA positions, ammunition dumps, oil 
storage, planes on the ground and in revetments, 
small buildings, and shipping. It was particularly 
effective against shipping, including destroyer es­
cmts, and it is on the record that rockets even sank 
one full-size destroyer. In the Iwo .Jima and Olci­
nawa operations, besides the uses just outlined, 
rocket-firing planes were frequently called on for 
ground support, especially against Jap[tnese caves. 

Surface-fired .5.0-in. AR's were also used for bar­
rage where longer ranges than that of the BR were 
required. The 'l''-slot Rocket Launcher Mk 30 
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?l'!od 0 (csscnthlly identical with the C IT T~·pe 3 1 C 
shipboorcl lamH;lwr ~hown. in Figure H) Sit\\' some 
St;rvit~c in this a pplica lioo, notably on the JS~l- lt. 
PT boats and LCl's also fi t·ccl them from M k 4 
lnun<~hers rjggNlup in a $upportjng frfune. For the 
OkiJtawa operation, in addition to ot.hcr cr11 ft wi1 h 
n.utoroatk 5.0-in . spim\cr ltumthcr:-:._, Hight I~:\,I's 

F IGI)RF: 6. Type 3 1C shipb()a l·d lauru.:luw loaded 
\Vith 3.5-in. Alb; with ii,fk a heads. 

were equipped with 480 ),[k I hwnchers ill close 
!uny loaded with 5 .0-itt. AH's and were used to 
good dfe<;t1 alt.hougb om: wa$ pu t~ out of net ion by a 
suicide plane. 

J!).Z.(> Designations anfl TyJlcS 

With two different motors, five or s ix dift'ercnL 
h~ad~J im<.l five diffcrc.nt fur.-:es1 if the SAl) nose is. 
htcludcd, the notneuclaltlre n•quirc<l to la:ep all the 
possible combinatJons s tmight becomes n\Lher in­
volv~d iulll will not b" given ilt dcl!l il. Tltc C IT 
designations most often met itl !,I"' litlmtf.ure arc 

3 .5-in . A H il'fodcl l-~-Ik tl motot \\~t.h i\[k 1 bettd . 
3.5-in . All i\Codei5-M k 7 motor with Mk 1 hc,td . 
3 .5-in. A l{ l\Ioclel J.I- M.k 7 tuolor wilh '. fk 8 

mu lerw<t1 <'t' hc:ld. 
Ln test. )I nvy d~_,;igna t ion i" :J.5-in. l{<><"kct l\J k I 

Mod 0 for all rlmnd~ with fiolid heuds, :,V(k I .\f<J<l 1 
for a ll "~th TNT heads, attcl M k :~ i\Iod 0 or ~1od l 
fot· all with smoke heads . The Mk 7 motor with t he 
5.0-in . I"""'" is 5 .0-in . RO<:k<'t ~v(k 1 l\ to<l 0 with 
cit.her of the nose fuzes but no base fuze, ::tlk 1 
i\locl I wit h nose fuze ancll\ik 1<16 bnsc fu7.e, ),1 k I 
1\•[od 2 with UOMJ fuz<J anu N[k 157 ba•c fliZIJ. atttl 
M k l Mods 3 or '1 witb no ~tose fuze but il'lk HG 01· 
1\fk 157 h<l~c f\li:c . .:\ mon.!- complete li$t of clcsigua.· 
lions is giYen in B<rlli~tic Do.-l.u..z 

1').2.7 Reports 

The complete development of the 3.5-in . Alt is 
s kd.chcd in t wo CJT •·cpo1·ts: references H ll nd 15. 
The latter contains fL complete ittdex (.o tbc weekly 
progress report.s and bibliography of reports issued 
11p 1o the t ime of i1s publi<'ation. Report."·'"' 
u11derwater tests aod traj<:cl orie~ ill<;lude references 
16, 17, 18, :md 19. Pilot woduction methods arc 
di::<~u~scd in rcf(ll'etlc(!.'i. 20 nncl 21. T'hn m ont im­
porl<tnt repor ls on fot W:l rd-liriug ballist ics incllldc 
t•eferellCCS 22, 23, nnd 24. The usc of the l'Ockcb in 
ro,·wiil'd firing is disc:u:;scd in referc~nces 25, 26, 2·1. 
28, and 29. Itt addit.ion, there are a large number of 
reports unt.itled Foncord 1•-irina of ( lilank} Rockel" 
from (Blimk) Aircraft, issued h~· the Armv, Nul')', 
and ClT. 

2.25·IN. AIRCRAFT 
ROCKETS [SCAR.J 

'l'he development of the 2 .25-in . wbculiber aircraft 
rocket [SCA Rj, usw11ly pronounced "scar ," began in 
Jitnuary I \J4·l . Sinee the purpose of the rocket was 
train ing pilots in firing Hw larger <lircrftfL totkets, 
it \\'Ould hMe beett desirable to duplicate l ht• 
standard t.mjeetorics exactly . This wus realized lo 
be impossible, ho\\'ever, sincfl a small rocket. would 
LH~C:e&;:.trily have tl considerably larger deceleration 
coefficient because of it' SJllilll weight, a shortc•· 
burning time 1 anti <-1 dili'erent vrniat,ion of velocity 
with lempen1tute . The specilic:tt ions therefore 
called fo1· suh(:ll liber rvc:ket« to duplical« as nearly 
as pos•il.>le the t l'ajeclories of t.bc 3.5-in . and 5.0-in. 
AU's a t iO F, 20-d<·grcc din } angle, 230-kn(>l air­
speed, a nd J ,000-yd r:1nge, thea« being conditions 
wh ich were ft·equently used in training. To simplify 
mnnufacttu·ing, it was d '•sit·cn fo " '" !h<' ASR- BH 
noz.zlc with<.m1. l'llOC.lj fici\ ( ion_ if vossiblc . 
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To match the 1,120-fps velocity of the 3.5-in. 
AR in the 2.25-in. caliber even with no payload 
required a high-performance motor unless unusual 
measures were taken to lighten the motor tubing. 
Preliminary calcubtions indicated that 1.85 lb of 
propellant would be needed. Considerable experi­
ence with grains in this weight range had already 
been acquired. In the summer of 1942, attempts 
had been ronde to increase the length of the ASR 
grain above the standard 11.6 in. Tests were made 
on 14-, 16-, and 18-in. lengths, and even on the 
shortest it was found impossible to get satisfactory 
performance above 120 F with the 1.7 x 0.6-in. 
powder. Thicker-web grains, 1.7x0.25-in., worked 
better, but on a projectile like the ASR or BR their 
longer burning time would greatly decrease the 
accuracy. Throughout 1943, experiments on 2.25-
in. motors, usually with thinner walls than 11 
gauge, were carried on to learn about the factors 
which determined the amount of powder which 
could safely be used, and a 2.2.5-in. rocket, some­
times called an antiaircraft and sometimes an anti­
tank rocket, v.-as standardized.30 With no payload, 
velocities as high as 2,600 fps had been achieved 
with it. 

The restriction to 11.-gaugc tubing brought the 
attainable velocity of~' 2.2.5-in. rocket down to the 
neighborhood of that actually required, and, when 
the SCAR was first proposed, there was some 
doubt as to whether a tubular grain could be used 
satisfactorily. The propellant problems were solved 
successfully without recourse to special grain shapes, 
however. 

By April 1944, CIT production of metal parts for 
Navy use was in cxceRs of 1,000 per day and of 
complete loaded rockets in excess of 300 per day. 
The rate of metal parts production soon doubled, 
and total production was more than 200,000. The 
Navy's own production was, of course, many times 
greater. 

19.3.1 Types and Designations 

The Model 1 SCAR, intended to duplicate the 
3.5-in. AR trajectory, has an overall length of 29.2 
in., of which 26 in. is motor, the head being simply 
a hollow streamlined motor closure. Its grain weighs 
1.75lb. The motor is Mk 10 or Mk 11 according to 
whether it vv·as produced by CIT or BuOrd and ~1:od 
0 or Mod 1 according to whether it htts a screw-in 
or a formed brazed-in nozzle. Hends are lVIk 1 or 

Mk 3. All variations are designated 2.25-in. Rocket 
Mk 1 Mod 0. 

For matching the 5.0-in. AR, the simplest pro­
cedure at first appeared to be to use the same motor 
with a heavier head, and more than 10,000 of these 
rockets, the CIT Model2, were manufactured. The 
opposite alternative, using the same head but a dif­
ferent motor, was soon adopted, however, as the 
Model 3. It differs from the Modell only in having a 
nozzle throat small enough to accommodate its 1.12-
lb grain. It was made only in the formed-nozzle 
version, motors Mk 12 and Mk 13. All varieties of 
the slow SCAR are designated 2.25-in. Rocket 
Motor Mk 2 Mod 0. 

19.3.2 Design Features 

Grains. The first calculations inclicated that 1.85 
lb of 1.70 x 0.26-in. ballistite would be required to 
give the necessary velocity. This grain gave an 
internal Kin excess of 150, so that, as was expected, 
static firing indicated that variations in external 
diameter gave large differences in performance. 
Thus at 130 F, a grain with an external diameter of 
1.71 in. gave a maximum pressure drop along the 
grain of 285 psi, whereas n grain only 0.02 in. 
larger gave 450 psi. If the outside diameter were 
carefully controlled, it appeared from static tests 
that the grain would probably be satisfactory up to 
perhaps 100 F. Effective gas velocities of this 
charge in field fiTing were higher than expected, so 
that a reduction in charge weight was possible. 
After tests with 1.70 lb, which had too low a nozzle 
K (the nozzle diameter being fixed as that of the BR 
and ASR) and hence gave low pts velocities and 
poor low-temperature performance, a 1.75-lb charge 
was standardized as the Mk 16. 

Occasional difficulties in low-temperature static 
proof firing of the Mk 16 grain together with the 
fact already mentioned that the internal K was 
higher than desirable for good high-temperature 
performance made it advisable to design a new 
grain which would be slightly longer and slimmer. 
This would give a higher nozzle K and a lower in­
ternal K, thus improving performance at both ends 
of the temperature scale (see Chapter 22). Dimen­
sions were changed from 1.70 x 0.28 x 12.5 in. to 
1.66 x 0.26 x 13.25 in., and the latter grain was 
standardized as the Mk 16 Mod 1. Although cellu­
lose acetat,e end washers on the ASR and BH 
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grains bad been disc~trded as unnecess~try, they arc 
used on both ends of the SCA!t grains, which other­
wise would llav<-! been Loo n:.grcs~ive on ;u~COU!lL of 
thcir large web thickl\css. 

The :Mk 17 grain for th(' :Modrl 3 is simply a 
shorter vetsion of lhe Mk 16 Mod I . So tnueh dif­
ficulty wit.h ignit.ion was experienced with it at low 
tNnpentt.urCJ$, mainly because of the large empt.y 

HOZZH ( t()SUOE PROP£U, AN T 

$U!>PlNSl0N SUTTON 

those for CIT production were shaped cold in one 
piece f1·om t ubing. With th<!se nozzles, no dift'erenee 
in dispersillll frOlll llHt~ of the llltlebined nozzles 
could be detected. At the request of several Navy 
tontnH;tors1 CIT ran nmnerous te.o:;,ls of nozzlns 
nlftde in l.wo p:lrts in punch presses ~nd IJe!d to­
get.ber bv a press tl t :It the t.ltro~t. This method of 
f(tbri<·atinn left a small step at the exit end of the 

HOHT CLOStJR.£ DISK SUSPHISI()N 6UT TON 

l UBt SPACER 

Fwmu.: 1 . Subeilliber ai J·(:raft roc1<ct. 

space at U1e front of the motor, that the standard 
J 2-g BR ign.iter was sup<)r!it\dcd by oM containing 
14 g of powder. 

Nozzles . The BR no~~le w:1s used first hc<:.\usc 
.it was a st.and:<rd il.em already in Jlroduction, but, 
when the Na.vy ptoduct.ion bega.n, dift'crent con­
t ractors were used so that. this was no parlic:ubr 
advantage. Consequently most SCAR's have been 
made with brazed-in formed nozzles because t.hc~· 
>ti'C cheaper . The formed nozzl<; was P<\Llerned 
<'lose!~' after those of t he ~.25-in. AH. motor, aud 

nozzle th ,·oat, just in the r;ritical posit.ion to ttft'<!ct 
the g<<S llow in the exit cone, ~nd probably for this 
reason SCAH's containing these nozzles had dis­
persions twiee tha t of CIT H llllttb or mm•e. They 
wet·e t.lllls nevet apptoved fot prod1Letion, although 
it was repeatedly pointed out th»t the t •·ouble could 
probably be cmed by a simph; change in design to 
put t he step on the entrance side of the throat . 
Nozzles rnilde in t wo half shells (i .<\.,split in a plane 
t.hrougb the axis :u1d btazed together) petfotmed 
satisfactorily in their only field test. 
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Lugs. The lightness of the round made it unnec­
essary to provide large lugs for sway bracing, and so 
a specially shaped lug button was designed (see 
Figure 7). It had a head which rode on the top of 
the Mk 4 launcher slot and a wide shoulder which 
fitted fairly closely below the slot. It was entirely 
satisfactory, and the only troubles were with the 
method of attaching to the tube. Methods tried 
were (1) threading them into the tube and silver­
soldering, (2) arc-welding them into unthreaded 
holes in the tube, and (3) attachinga special flux­
filled stud with a special welding gun and upsetting 
the end of the stud to hold the lug button on. The 
last method was by far the cheapest, quickest, and 
generally most satisfactory, and replaced other 
methods for CIT production as soon as it was tried. 

Pins. The radial fins are spot-welded together 
::mel the assembly spot-welded to the tube in a sim­
ilar manner to the CWG. This is satisfaetory since 
no significant saving of space would be made by 
having them detachable. 

Heads. The original Mk 1 head was machined 
from steel and weighed l.G lb. The shortage of 
steel led to a request from the Bureau of Ordnance 
to investigate the possibility of using die-cast zinc 
heads. Since the head is situated where the gas 
stream is essentially stagnant, it was found that 
zinc heads do stand up satisfactorily in general, but 
in at least two cases a little leakage through the 
threads occurred and the gas eroded a hole about 
1 in. in diameter before the end of burning. Al­
though it was difficult to reproduce the phenomenon 
at will, it appeared that out-of-round motor tubes 
might cause it and that proper luting of the threads 
would prevent it. Accordingly it was specified that 
the head and motor threads be coated with a non­
drying luting compound known as "Crater Com­
pound." The zinc heads were designated Mk 1 
Mod 1 and Mk 3. The heavy Mk 2 head for the 
Model 2 SCAR was made only from steel, and its 
final weight was S.G lb. Several other weights were 
tried previously in attempting to get the trajectory 
correct. 

19.3.3 Launchers 

The SCAR's were designed to be fired from the 
Mk 4 rails without modification, but were too 
short to reach between the posts of the Mk 5. 
Various adapter launchers were tried having dif­
ferent lengths from zero up to about 3 ft, since it 

was possible to control the tip-off and gravity drop 
by the launcher length and thus get the best fit to 
the trajectory of the standard rounds. A 2-in. 
constrained travel of the front lug was finally 
adopted, and this adapter was standardized as the 
Mk6. 

19.3.'1. Reports 

Many of the reports on sight settings, trajectories, 
and use of other aircraft rockets contain informat,ion 
on the SCAR's. The only formal reports on the 
rockets themselves are references 31 and 32. 

19 ·-:~. 5.0-IN. IDGH-VELOCITY AIRCRAFT 
ROCKETS [HVAR] 

The 5.0-in. AR with the 3.25-in. motor was from 
the time of its inception admittedly a stopgap. Its 
vel-ocity of only 700 fps gave it too little penetrat­
ing power and too mueh gravity drop and required 
that, to be effective, it be fired at relatively short 
range where antiaircraft fire was uncomfortable. 
In addition, its lack of stability under water re­
stricted its usefulness as a Navy 'weapon. To accel­
erate the same 50-lb 5.0-in. head of the 5.0-in. AR 
to a velocity equal to or greater than that of the 
3.5-in. AR required obviously a motor of larger 
caliber. By the late summer of 1943, extrusion 
presses were available which could make consider­
ably larger grains than 3-in. diameter, and shortly 
after the design of the Mk 13 cruciform grain had 
been stabilized the propellant section began experi­
ments on possible grains for a 5.0-in. motor, inside 
diameter 4.625 in. 

As expected, the 5-in. grains gave the same 
answer as the 3-in. grains; namely, that for high 
loading density the cruciform shape is considerably 
superior to the tubular and that a spiral inhibiting 
pattern gives satisfactory burning curves. A 24-lb 
grain was designed, having a web thickness of 1.6 
in. and an outside diameter of 4.22 in., so that with 
0.15-in. thick inhibitor strips it was a reasonably 
snug fit in a 4.625-iu. tube. This grain, designated 
Mk 18, gave beautiful neutral-burning pressure­
time curves at all temperatures from -25 F to 1GO 
F. Performance was so good that it was believed 
that a 20-per cent heavier grain would still work 
satisfactorily, but the difficulties with the 3 .25-in. 
AR motor had taught us that it did not pay to try 
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to push to the limit of grain size, and 24 lb was 
adopted as standard. This amount of propellant 
was more than enough to give a faster round than 
the 3.5-in. AR. 

The first 5.0-in. motor came off the drawing board 
in early December 1943, and probably underwent 
fewer significant design changes in the course of its 
development than any other rocket motor. The 
conservative design of the cha.rge paid ample divi­
dends. In field firing at 140 F, even in some cases 
with heads weighing only 20 lb which gave consider­
ably larger accelerations than normal, malfunction­
ing was so rare even vvith the ordinary JPN powder 
that this temperature was adopted for regular proof 
firing. Its low-temperature performance was amaz­
ing. Because of the blowout disk which enabled it 
to run at a K of 216 (for the 3.25-in. AR motor, 
K 167), it practically has no low-temperature 
limit. To the author's knowledge, it has never been 
known to chuff, ftnd even the two rounds which 
were packed in "dry ice" at -110 F over night 
showed no evidence that they were near the failure 
point. 

From the beginning it was nicknamed "Holy 
Moses," obviously because at the time it appeared 
it seemed like such an enormous rocket. Since a 
number of apocryphal versions of the circumstances 
under which it got its name are current, the 
author may be pardoned for setting the record 
straight. -It is said, for example, that "Holy Moses" 
was the exclamation of the first pilot who fired one. 
The fact is that, before it was even off the drawing 
board, the author gave it that name as an experi­
ment to see if he could make it stick and become 
the universal unofficial name. It did. 

The design and development of the Holy Moses 
motor (the 5.0-in. Mk 1) was completed about 
June 1, 1944, and err production was in the 
process of changing over from the older CIT :Model 
1 motor when "Project ::VIoses" appeared on the 
scene. The V-1 "buzz-bombs" had just begun 
falling on England, and the fundamental strategy 
oi resisting thein was to eliminate the launching 
sites by aircraft attack, especially those in the Pas 
de Calais area. It was thought that the HV AR 
might prove an effective weapon against them, and 
it was suddenly decided to begin approximately five 
days later shipping the entire CIT production (100 
rounds per day) by air to England. Fifty sets of 
launchers were also included, and a special mission 
accompanied them to England to equip a squadron 

of p_:_47 fighter planes for service-testing of the 
equipment. Nineteen shipments of 100 rounds 
each were made by air, together with one boat ship­
ment of 500 rounds of the obsolete experimental 
ammunition which could be scraped together. By 
the time the 513th Fighter Squadron (SE), 406th 
Fighter Group, Ninth Air Force, AAF, was equipped 
and ready for training, it had been determined that 
the launching sites were not suitable rocket targets, 
and the ammunition was available for supporting 
the invasion of France, which it did with excellent 
results. In a letter of commendation written to 
NDRC, :Major General B. E. Meyers stated that 
this initial use of the HV AR proved "without ques­
tion the effectiveness and efficiency of this equip­
ment in actual combat, and has resulted in providing 
the Army Air Forces with the best antitank weapon 
of the war." 

The combat experience in Normandy emphasized 
two facts that were already known: (1) that the 
post launchers designed for the smaller AR's were 
not rugged enough for Holy Moses, and (2) that 
the inferior armor-piercing qualities of the head 
was a serious disadvantage. The AAF was suffi­
ciently impressed, however, to adopt the rocket as 
standard fighter plane equipment and to undertake, 
in cooperation with CIT, a high-priority program 
of launcher development, so that by the spring of 
1945 some Army fighter planes began eoming off 
the production lines equipped to fire the Navy's 
HVAR. 

Two views of the assembled rocket are shown in 
Figure 5 of Chapter 17. 

19.4.1 Design Features 

Tubing. NE 8735 steel was specified for the 
motor tubing, and, as in the case of the 3.25-in. 
AR motor, it was specified by internal diameter 
(4.625 ± 0.015 in.) and minimum wall thickness 
(0.187 in.). Since the tubing received averages 
thicker than 0.200, the motor is somewhat heavier 
than necessary, but this is a minor disadvantage. 
In other respects the tubing is almost ideal. To the 
author's knowledge, no motors we:re rejected for 
failing the pressure test at 5,000 psi although CIT 
production exceeded 100,000, and no motor bursts 
occurred in field firing which appeared to be the 
fault of the tubing. Standard motor tubes burst at 
pressures between 6,000 and 7,000 psi. Field tests 
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with tubing more than 30 per· cent stronger showed 
that increasing the tubing strength had no effeet on 
the frequency of bursts at 160 F. Except for facing 
the ends and threading, the only machining on the 
tube is the counter bore at the front end to provide a 
close fit to the guiding land on the head and to the 
front motor seaL The first model had a longer tube 
and a correspondingly longer counterbore to accom­
modate a different head, as explained later. Be-
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thinner grid: The eight peripheral nozzles and one 
central blowout nozzle are machined in the solid 
nozzle plate because the nozzle area is too large to 
permit insert nozzles. The tooling necessary to 
make such a nozzle plate with sufficient accuracy 
and to check it for alignment is rather complicated, 
and during the first three months the accuracy of 
the rocket steadily increased as nozzle production 
technique improved. 

+--

FIGURE 8. Nozzle and fin construction in 5.0-in. Motor Mk 1. 

cause of the known disadvantages of internal motor 
threads, particularly V threads, pressure tests 
with square threads were made, but it was decided 
that their use would unduly complicate production 
and gauging. 

1Vozzle. The design of the nozzle and associated 
parts can be seen in Figure 8, and a rear view of the 
nozzle is shown in Figure 5 of Chapter 17. It is 
based upon the experience with the 3 .25-in. multi­
nozzle motor but includes one_ entirely new feature 
in supporting the grid on a grid stool in the center 
of the mot,or, thus allowing the use of a much 

The nozzle ring or skirt extending beyond the 
rear face of the nozzle plate serves as tt receptacle 
for the eleetric plug during shipment, but its 
primary purpose is to reduce the luminosity of the 
gas in the same way as a large expansion ratio 
does for single nozzle motors. 

The grid stool serves three purposes: (1) it sup­
ports the grid, which is cemented to the propellant 
grain, (2) it chtmps the blowout disk in place, and 
(3) it allows the motor pressure to get to the blow­
out disk while holding the insulation to protect it 
from the heat and erosion of the gas. It was found 
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that the effective gH,s velocity decreased consider­
ably when the blowout disk functioned, and it was 
thought that a redesign of the grid stool to allow 
more direct aecess of the gas to the central nozzle 
might improve it. A cast steel stool, square in 
cross section, was designed which has four gas 
access holes inclined at an angle instead of being 
perpendicular to the rocket axis. No difference in 
gas velocity could be detected, and it is probable 
that the turbulence of the gas flowing through the 
central nozzle is only part of the reason for the 
reduced efficiency, the lower nozzle l{ and nozzle 
coefficient also contributing. A litter design than 
that of Figure 8 has the blowout disk in the form of 
a shallow copper cup which is crimped onto the grid 
stool, thus making it impossible to insert two disks 
in the same motor. 

Suspentrion Lugs. Welded lugs were chosen in 
place of lug bands for a number of reasons. The 
spacing between launcher posts had been fixed by 
the 3.25-in. motor and did not appear likely to 
change; nor were Americtm rockets being fired from 
British launchers, so that the arguments which led 
to the use of detachable lug bands on the 3.25-in. 
motor no longer held. Fixed lugs had the important 
advantage of rigidity and invariable spacing, and in 
addition they made possible an appreciable decrease 
in air drag. S:fuce the Mk 4 launcher was by now 
obsolete, the lugs were made to fit post launchers 
(see Figures 3 and 4 of Chapter 17), although a 
small attachment was made to fit on the rear 
"tmmel" lug for use with the )ilk 4. It was used 
very little, if at all, and was not even made in 
Navy production. Since even in ground firing, long 
launchers give no appreciable decrease in dispersion, 
there is little rmlson for their use. 

Fins. In order to fit the same launehers, the fins 
were made the same size as those on the 3.25-in. 
motor. Detachable fins were decided upon because 
the motors were so heavy that they ha:d to be boxed 
indi·vidually, ~•nd a one-piece tail like that, of the 
Mk 7 motor increases the shipping volume per 
motor by more than 35 per cent. The fins (see 
Figure 4, of Chapter 17) were therefore die-formed 
in two pieces and seam-welded together at the edges, 
leaving a hollow space J-16 in. thjck inside to house 
the latching mechanism. Details of the latching 
mechanism are shown in Figure 8. It was found to 
be quite satisfactory. The dimensions had to be 
worked out by trial and error 1 but when fins and fin 
lugs were properly made and not fouled with paint 

(a point which had to be watched), the fins were 
easy both to install and to remove and fitted very 
tightly. All the lateh and lug parts could he 
stamped from sheet, so that they were not ex­
pensive. "!'he four fin lugs were welded to the 
motor after the nozzle was installed, and no dif­
ficulties with this procedure were found. 

As previously pointed out, the choice of 5 x 8 in. 
for the fin dimensions was arbitrary, being simply 
copied from the aircraft version of the R.P-3. In 
the summer of 1945, a comprehensive test of 
possible HVAR fin shapes was made in the high­
speed water tunnel at CIT,33 and among the results 
were the following: 

1. For 5-in. width, 8-in. length is very close to 
the optimum from the standpoint of accuracy. 
Ten-inch length would give very slightly more 
stability, but 15-in. length would be worse. In 
geneml, for any width, increasing the length be­
yond about 1.5 calibers gives little or no increased 
stability. 

2. The stabilizing moment increases very rapidly 
with an increase in fin ·width. Thus 8 x 8-in. fins 
would reduce the yaw osciilation distance from 320 
to 240 ft and reduce the dispersion from a zero­
length launcher in the same ratio. 

3. Tests with ring tails were made also, oven 
though they cannot be used ·with post launchers. 
It was found that for a given size ring tails are much 
more efficient in providing stability than fin tails. 
This is illustrated in Figure 9 which shows six dif­
ferent tail shapes, all of which would gi-ve the same 
yaw oscillation distance (and hence the same dis­
persion, presumably) as the standard tail shown 
in the lower left. 

4. The stabilizing moment for a given tail is 
quite constant for overall rocket lengths between 
10 and 14 calibers, so that the results should be 
applicable to other shorter rockets of uniform 
diameter (such as Tiny Tim). 

Ignders. Pending the development of a larger 
igniter, the earliest 5.0-in. motors contained two of 
the 35-g capacity plastic case igniters which were 
used in 3.25-in. motors. These gave satisfactory 
ignition but were not satisfactory for service use 
because they were not held securely in position. A 
rather heavy plastic case igniter 4.56 in. in diameter 
was tried. In order to accommodate two squibs 
and their coimecting 'vires in a squib compartment 
at the rear of the igniter case, the threaded cover 
for the powder chamber was put at the front end. 
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This proved to be a fatal flaw in the design, for, 
when the powder ignited and bulged the c~tse walls 
out until they contacted the motor tube, all the 
burning powder found itself confined between the 
front motor closure and the heavy plastic piston 
formed by the igniter case. The resulting force on 
the grain fractured it and motor tube bursts occurred 
at least 20 F below the temperature at, which they 
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FIGURE 9. HV AR tail designs giving the same 
stability as the standard according to wate1· tunnel 
tests. 

had previously been found with the same weight of 
bla<;k powder in two small igniter cases. 

A 55-g metal case igniter was then designed and 
became standard. A 70-g metal igniter was found 
to increase the high-temperature burst frequency 
slightly. The extra space which had been left for 
the much thieker plal:ltic igniter was taken up by 
inserting a thin cylindrical steel spacer. Since 
length is not undesirable in finpsta bilized motors, 

shortening the mQtor to remove this waste space 
was neither contemplated nor tested. It was 
simply left as insurance against changes in propel­
lant length. A certain amount of space is probably 
necessary to get good ignition, but the problem did 
not arise in the case of the 5.0-in. firmer motor and 
so no tests were made of it. 

When the Tiny Tim igniter was reduced frQm 
1 ,200-g eapacity to 230-g in order to reduce the 
blast effcet, the question of reducing the eharge in 
the Holy Moses igniter arose. Thirty-gram met:1l 
case igniters proved to give but little less blast, 
however, and were inferior to the standard 55-g 
igniter at low temperatures, so no change was 
made. 

Seals and Closnres. The design of a metal front 
end motor seal, later used in the 5.0-in. spinners 
and shown in Figure 13 of Chapter 23, was first 
developed for the RV All. For this motor the seal 
had a well in the center so that the blowout patch 
was recessed from the front face, leaNing a space 
for the cap or bracket on the base fuze. Glued to 
the seal are a l-in. felt on the back side and a Ys-in. 
felt on the front side, both perforated so tots not to 
interfere 'Vvith the blowout patch. The seal is in­
serted with EL tool which positions it accurately 
so that the head, or the thread protector which 
extends into the motor the same distance as a head, 
seats against the thin felt washer and keeps the 
seal from shifting and breaking loose. A thin steel 
cup is sealed in the thread protector to provide ~tn 
auxiliary seal at the front end. 

The rear auxiliary seal, which as in the cn.~e of the 
3.25-in. motor serves also as a receptacle for the 
pigtail, is pressed into the nozzle skirt ring. It wns 
made dome-shaped in order. to make it impossible 
to stt:tnd the motor on the nozzle end. 

Heads. The first bead, which eventually became 
the Mk 5, was made from the same 5.0-in. AA shell 
which had given the 5.0-in . .AR its head. The only 
changes made on it were to bQre out the ba.se to 
take the PIR fuze and to thread the outside to fit 
the motor. For extra support in oblique water :;mel 
ground impacts, the head thread was moved for­
ward so. that the base of the head extended into the 
motor tube and carried a "guiding land" machined 
to fit closely (miuimum dearance 0.010 in. on the 
diameter) into the counterbore in the tube, which 
had the same diameter as the minor diamet1er of the 
lnotor thread. Original experimental models had a 
5 .5-in. overlap of the head aud motor, but this 
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was reduced to 3.0 in. because the longer overlap 
was believed to make the wall thickness of the head 
too smaJl at one point. The final base design is 
shown in Figure 1 of Chapter 15 and was used on 
all HV AR heads. 

The Mk 5 head was used because of its easy 
availability, and it has a number of serious draw­
backs. Because .of its relatively thin wall and the 
large hole in the nose, it does not perform well 
against concrete or armor plate but breaks up 
easily. It is also unstable under water and under 
ground because of too great nose lift. r.rhree other 
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FIGURE 10. HVAR heads. Top: service head Mk 
5 or Mk 6 with Mk 149 nose fuze and Mk 157 
(PIR) base fuze (early design, prior to ado:ption 
of gas-check ring). Below: heads contemplated for 
service use. Modified Mk 46 shell (similar to Mk 
2 head) with windshield and Mk 166 (DDR) base 
fuze. Model 31 (similar to BuOrd Type Ex-1) 
with AIR-12 nose fuze and Mk 166 (DDR) base 
fuze. Model 32 with Mk 166 (DDR) base fuze 
only. 

heads were therefore designed and had been partially 
tested before the end of World War II. They are 
shown, with the standard Mk 5, in Figure 10. 
The CI'f 5.0-in. Model 35, essentially the same 
as the BuOrd 5.0-in. Mk 2, was designed after the 
5.0-in. special common projectile Mk 38 or Mk 46 
for armor piercing. Preliminary tests indicated that 
it would penetrate 2-in. STS plate at up to 40 

degrees obliquity and would probably penetrate 
3-in. plate at normal incid(\llC.e if the pyrotechnie 
delay in the base fuze were long enough. The CIT 
Model 31, similar to BuOrd Type Ex-1, was de­
signed on the basis of water impact tests to ha vc 
optimum underwater trajeetory and was later 
found to have optimum underground performance 
as well. Although the water-discriminating fuzes 
originally intended for use with this head were 
abandoned, it would be much better for general 
use than the Mk 5 if it had a DDR base fuze and 
an instantaneous nose fuze with the same homi­
spherieal shape as the AIR-12. In oblique im­
ptlcts on fairly heavy armor plate, the nose fuze is 
broken off, so for some purposes the Model 31 
should be replaced by the Model 32 having the 
same sh:~,pe but with a solid nose. Although no 
plate tests have been made with this head, it ap­
pears likely to be very useful if made from the 
proper ste~::l. 

Fuzes. The Mk 149 was the only nose fuze used 
on the HV A R. in service. Proximity nose fuzes 
were found to be unsatisfactory because of the 
prolonged afterburning, probably caused by the 
inhibitor strips, which are too small to be ejected 
through the nozzle as in the case of the 3.25-in. 
motor. 

The nondela.y base fuze Mk 146 was used first 
but was replaced by the Mk 157 "ith 0.02-second 
delay. When the gas check ring was adopted, the 
fuze became Mk 159 and a shorter dehty (0.015 
second) was used because of the increased velocity 
of the HVAR over the 5.0-in. AR for which the 
Mk 157 was originally designed. The Mk 159 in 
turn gave way to the Mk 1G4 which incorporates an 
improved shutter design to decrease the probability 
of duds at high impact angles. The DDR fuze, 
which was put into production but did not reach 
service use, is designated Mk 166. Description of 
these fuzes is given in Rocket Puze.s .34 

19.4.2 Alternative Designs 

Non welded V ers'ions. As ~t result of difficult,ies 
with welding fin lugs on the Tiny Tim motor tube, 
a decree was laid down by someone in the Bureau 
of Ordnauee that no welding was to be permitted 
either on the 'fim or the Holy Moses motors. The 
5.0-in. motor· \Vas therefore hastily redesigned in 
Washington, and the 5.0-in. Motor Mk 2 Mod 3 
became the standard model for Navy production. 
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It has two lug bands similar to those on the 3.25-in. 
AR motor and a tail which is attached to the motor 
by clamping the eylindrical portion with nuts and 
bolts. The two-piece hollow design of the fins 
themselves was maintained so that the tail has 
adequate strength. Its chief difficulty, the amount 
of shipping space required, was not felt to be 
important. 

At the n~que::;t of the Bureau of Ordnance, CIT 
designed and made preliminary tests on another 
nonwelded model, which was designated only by 
its dra-vving number, 5MA4. In this design the fin 
lugs, rear suspension lug, and nozzle skirt are made 
in one assembly and attached by drive screws into 
the nozzle plate. This design allows the use of the 
indivjdual detachable fins of the Mk 1 motor. 
Aside from this, the only important change was to 
redesign the lug bttnd clamping system so that the 
band can be tightened more securely and to sub­
stitute fiat-bottomed positioning holes and pins for 
the tapered ones which had been used on the 3.25-
in. Mk 7 motor and carried over to the 5.0-in. Mk 3. 
These changes position the front lug baud securely 
enough so that there is no danger of slippage under 
the stresses normally applied in service. No 5MA4' s 
were produced. 

CIT produced more than 100,000 Mk 1 motors 
\'V-ithout any difficulty with welding on the motor 
tubing. Failures occurred only at extremely high 
temperatures and always, as nearly as could be 
determined, as a result of grain failure. Occasionally 
such bursts showed a tendency to occur along one 
of the welds on the fin lugs because of the slight 
weakening at this point, but equally often the split 
ignored the ·welds entirely. 

White Whizzer. In response to aN av'Y request for 
an experimental 5.0-in. motor to give the highest 
possible velocity, the 5.0-hL Motor Model 38 was 
designed. It was nicknamed the "White Whizzer" 
after the author's favorite football player, "Whizzer" 
\Vhite. The use of the motor was not originally 
specified, but it proved to be for the purpose of 
aecelerating the ram jet motor which was being 
developed in the East at JA V-AI}J..~ (Sec T). It was 
not felt desirable to use a longer grain than the 
Mk 18 unless absolutf~ly necessary, and so the Mk 1 
motor was simply lightened as much as possible. 
The motor tube was shortened by 5 in. and ma.­
ehjned on the outside (except at the ends) to a wall 
thickness of 0.125 in., thu;:: reducing its weight from 
44.7 to 27.7 lb. The grid stool was lightened and 

shortened by eliminating the blowout disk, nnd 
some metal was removed from the nozzle plate to 
lighten it slightly. Suspension lugs wore omit,ted 
and small lightweight fins, attached to a cylinder, 
were held in place by bolts into the nozzle plate. 
The result was a loaded motor which weighed 62.2 
lb instead of the standard 88.3 lb. With the stand­
ard HVAR payload, its velocity was almost 50 per 
cent greater than the HVAR, and with light heads 
it was actually docked at 2,490 fps. This velocity 
requires an acceleration in excess of 100g, so that 
the force on the grain would certainly restrict the 
upper-temperature limit seriously, but no difficulty 
was found with it up to 100 F, which was the 
highest temperature at which it was tested. No 
information is available concerning the Navy's 
use of the motors which were supplied by CIT. 

:19.4.3 Lamtchers and Service Use 

The launchers for the HV AR are the sanie as for 
the AR's except that its greater weight necessitated 
more rugged designs and impelled the change from 
Dural to high-tensile steel for post launchers, as 
mentioned in Chapter 17.35 ·36 

After its first spectacular and successful test in 
Normandy, the HVAR wtots very little used by the 
Army because of failure to set up any adequate 
and comprehensive program of pilot trH.ining and 
failure to coordinate supply so that the rockets were 
available at the times and places where they might 
have been effectively employed. This situation was 
in the process of being remedied when World War II 
ended. With the Navy in the Pacific, the HVAR 
gradually supplanted the 5.0-in. AR as it became 
available. As anticipated, it proved to be a great 
improvement over the slower 5.0-iu. AR, but the 
details of its use ml1'3t be found in. Navy publications. 

19.4.4 Reports 

On the ammunition itself, the two most important 
CIT reports are references 37 and 38. Various 
aspects of its use in forward firing are discussed in 
many of the reports listed in Section 19.2. 7. Manu­
factm·ing problems are treated in references 39, 40, 
and 41. Motor-loading procedures, applicable 
essentially either to HV AR or "White Whizzer," 
are detailed in reference 42. 
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1 9 -s 11.75-IN. AIRCRAFT ROCKETS 

The much better accuracy and penetrating power 
ttchievable with forward-fired rockets than with 
bombs made desirable the development of an air­
craft rocket which could carry a payload compa­
rable to that of a large aircraft bomb. Spontdic tests 
of aecelerating standard bombs witJ1 several small 
rocket motors had been made from time to time at 
CIT and elsewhere, but this was a clumsy and 
ineffieient method of getting velocity and proved 
also to be very inaccurate. The obvious solution 
was one big roeket motor. Such a big motor beeame 
possible as soon as the 4:.2-in. erucifonn grain was 
available, and the development of the 11.75-in. 
aircraft rocket began in Ma.rch 1944, soon after 
that of the HVAR. For obvious reasons, it was 
immediately nicknamed "Tiny Tim." The first 
field firing was made on April 26; one static firing 
of the propellant charge had been made two weeks 
earlier. The design was logically developed from 
the 5.0-in.. HVAR and presented a number of prob­
lems not previously encountered in the project's 
work with smt11ler rockets. These included: 

1. The use of a multiple-grain charge, which 
necessitated an internal structure for its support. 
Four Mk 19 cruciform grams, 60 in. long, were 
used, giving a propellant weight greater than total 
weight of a loaded HVAR. 

2. The use of threads on the motor much larger 
than, and different in shape from, those in standard 
commercial usc which can be made in ordinary 
machine shops with commonly available tools. 

3. The requirement of special devices for handling 
and attaching these larger rockets to airplanes. 

4. The large blast effect, which required (a.) care­
ful engineering to minimize, (b) special launching 
devices to separate the rocket from the airplane 
before ignition, and (c) tt considerable program of 
research into the sighting and aiming problems of 
this type of launching. 

The Navy's 500-lb SAP bomb AN-lVI58A1 ap­
peared to be the most desirable head for such a 
roeket, and fortunately there was a standard oil well 
casing of the same diameter, 11.75 in. OD, whieh 
bad adequate wall thickness and tensile strength 
and enabled the development program to get 
started without waiting for a special mill run of 
tubing. There was not mud1.of it available, how­
ever, and we were reduced for a time to the expe­
dient of salvaging it from abandoned oil wells. 

Because of its size, which made production slow 
and posed extraordinary difficulties both in motor 
design and in installation on aircraft, the Tiny Tim 
was a long-term project in comparison to its pred­
ecessors. Nevertheless, its progress was very en­
couraging, and, when in June successful air firings 
began, it was decided that Tim was a likely supple­
ment for the Holy Moses against the robot bomb 
launching sites. Thus on June 28, 1944, six days 
after the first air firing of Tiny Tim, a memorandum 
from the Navy Chief of Staff to the Vice Chief of 
Naval Operations assigned top priority to the devel­
opment of the rocket and its associated launchers 
for the purpose of getting it into service as soon as 
possible. Work was to start immediately on proto­
typing htuncher installations for the F4U a,nd F6F 
aircraft, and the SB2C was later added to the list. 
Although the design of the internal motor compo­
nents was not entirely settled, CIT undertook pro­
duction of sufficient motors to be able to supply 10 
per day to the Serviees. SeverHl hectie weeks fol­
lowed before the high priority was deferred on 
August 7 because it became clear that the bomb­
launching sites wo\lld be eaptured before Tim could 
be put into action. Two weeks later the crash of an 
SB2C in an experimental test caused a sudden halt 
and a complete re-examination of the program, and 
in the ensuing months the difficulties with blast and 
the various internal ballistics problems were studied 
in detail and gradually worked out. Development 
was essentially complete by October 1, Navy con­
tractors began setting up for production, and the 
rocket was ready for combat test. Minor design 
changes and refinements continued for several 
months thereafter, however, dictated for the m.ost 
part by the requiren:ients of fitting to various types 
of aircraft. 

1'he following spring, aircraft squadrons with 
drop launchers were sent to the Pacific on the 
carriers Franklin and Intrepid for the first service 
test of 'l'iny Tim. The disastrous attack on the 
Franklin took place before its rocket planes ever 
went into action a.gainst the enemy, and the 500-lb 
explosive rocket heads in her hold contributed to her 
downfall. Although it is believed that the Intrept:d's 
planes fired a few Tims against the .Japanese, the 
Navy has not divulged any details. The Division 3 
history says they were used on Okinawa. 

Army Air Forces also undertook a program of out­
fitting appropriate planes for firing the 11.75-in. 
AR. This program would have had the planes 
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ready for action in the final invasion of the Japanese 
homeland. The end of World War 1l left Tiny Tim 
as a potentially powerful and effective weapon, 
which would enable a plane to deliver the punch of 
a 12.0-in. gun, but a weapon whi(lh never had a 
combat test of its capabilities. 

J9.5.1 External Design Features 

The originn1 specifications called fen· a tocket to 
be fired from aircraft having a 500-lb payload and 
us high a velocity as possible (preferably at least 
1,000 fps), and using as propellant four 4.2 x 1.5~ 
in. cruciform ballistite charges. The rocket was 
to have multiple nozzles, inelucling a blowout nozzle 
to increase its working temperature mnge, and for 
hrmdling purposes it was to be capable of standing 
on its nozzle end. The first guess proved to be a, 
good one on the two major components·-the motor 
tube and the nozzle. Almost from the beginning 
their design was so stable that it was possible to 
continue regular production of them without con­
sideration for the frequent and drastic revisions of 
internal design which occurred in the summer 
of 1944. 

Motor Tube. The choice of propellant fixed the 
internal diameter of the motor tube ttS not less than, 
and preferably not much more than, JOYs in. Its 
wall thickness was determined by the specification 
that it stand a 4,800-psi internal pressure test with­
out permanent yield. Since saving weight was a 
primary concern, it was desirable to use tubing of a 
relatively high yield point in order to keep the wan 
as thin as possible. The grade N-80 API oil well 
casing, with an external diameter of 11.75 in., a 
0.489-in. wall thickness, and a minimum yield of 
80,000 psi, was the most suitable material found; it 
had the additional advantage of having the same 
outside diameter as the f:iOO-lb SAP bomb whieh 
was being considered as a possible high-explosive 
head for the rocket. 

To obtain the required internal diameter it was 
necessary to machine the inside full length, and it 
was decided to machine the outside also, partly to 
save weight but primarily to assure accuracy. The 
10 per cent permissible variation in wall thickness 
could displace the center of gravity of the motor 
tube from the geometrical center of the ID by as 
mueh as 0.3 in., but it ·was desirable to keep the 
overall mechanical malalignment of the rocket as 

small as the gas malalignment, which with multiple 
nozzles was expected to be less than 1 mil (0.06 in.). 

The diameters chosen, 11.7 in. and 10.9 in., with 
a minimum wall thickness of 0.380 in., give a 
maximum fiber stress of 76,800 psi (calculated by 
Barlow's formula) for an internal pressure of 5,000 
psi. It wtts realized that this wall thickness vvas 
probably ultraconservative, since it was based 
upon standards evolved by the projeet from ex­
perience with small motors which did not have a 
blowout disk to limit the maximum pressure in the 
motor. The fact that a bmst of such a large motor 
would, it was believed, almost certainly result in 
destruction of the aircraft justified such eonserva­
tism, at least in the beginning. Ijater, tubing with ~• 
minimum yield of 90,000 psi became available and 
was specified by the Bureau of Orclmtnce for its 
production. Two high-temperature firings of Ntwy 
production motor tubes with wnJls reduced to 0.280 
in. were SU(Wessful, and for the final production 
design (the Model 5 motor) a nominal wall thick­
ness of 0.340 in. wns specified. From the !Jer­
formnnce standpoint, considerably more dntstic 
reductions could be made, as was further shown by 
later tests at N OTS, Inyokern, of motors with 0.200-
in. walls. The incteased veloeity whioh can he 
gained by reduction below 0.340 in. is not very 
great, however, and for combat, use from aircraft 
it is believed that a thinner wall is not desirable in 
view of its increased vulnerability to gunfire. 

The two ends of the tube were threaded inter­
nally, one to take the body and the other to tnke 
the nozzle. In order to get as much strength at the 
threads as possible, the outside machine cut was 
stopped about 3 in. short of the ends. rrhe thread, 
a modified buttress with a 3-degrec loaded faee, a 
50-degree included angle, and a pitch of 2Yz, was 
designed for maximum strength against internttl 
pressures combined with ease of assembly. The 
choice of 3 degrees wn.s rather arbitrary; it was 
desired to keep the angle small in order to minimize 
the tendency of the end thrust on the nozzle to 
expand the motor threads, and 3 degrees was one 
of the eommon standard angles for buttress threads. 
When the prime eontractors for large-scale produc­
tion began making inquiries about the design, it 
became evident, that the choice had not been the 
best one, since the smaller the angle, the smaller the 
diameter of a thread grinding wheel or hob whieh 
can cut the thread. From this point of view, an 
angle of about 7 degrees would have been preferable, 
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since it allows the use of tools 3 to 3.5 in. ir\ dinmck r· 
and is 'till less than the angle of repose for friction 
be~wecm ,;lightly hrbricatcd steel surf<~ccs so that. 
there woulcl be no ter\dency l<> expand t.hc Lube . By 
th is time , howcve1·J production of bodies with t.h is 
thread "'''" alr<)>Hly under way by the .Naval Gun 
Jo'actory, and the Bureau of 0 rdwHioe has not <:on ­
·5itler~d the change desirable . 

A glance at. iHt <m rly gcmeral m·r.nngcmcnt druwing 
of t he 11 . i5-iu. aircr:1ft rocket rcv<,;tls th11L there 
was 6 in. of empty space a t t.he head end of t he j\olod 
0 motot . 'fhis c:lme ~thvuf as"~ rc~Sltlt of u v~tric:ty of 
factors . Tbe origin>\1 design of ihe st.ruc(.ural rnem­
berJ;. holding the propellant gr·ains was such that it 
W>IS expected that a <:on,idc;rabln fra<:t.ion of the 
g:1sc;.'> wou ld move forw~u·d and revel·se their dire(·~ 
Lion aL the front end of the motor·, :r nd uclequate 
spucc wss necesstuy to ~\How this lo oc~eur without 
exces.•ivc heating . T he original head design bad 1\ 
12-in. O\'erlap M the motor tub<' ovcr t he he11d for 
e·~dr~l st•l'engtb against oblique~ water i n'lpact~..:; thn 
tlo$urc ot the base of the body was a dome, convex 
forward, in order to lcuvt} tlw n~qui1·eO space nnd 
~t.j[[ have t.lre guiding land on Lhe ll<rd,v ns fM lxwk 
t~s v o,Riblc. When the I J .75-in . Head i\ik 1 was 
clo<igned by the Bu rl•a tr (>( Ordn:llll'~ , t.h~ 12-in . 
<"'"rlnp was J·educed to G io. Becanse the design 
of the iuf.cnwl parts of Ut~ mot~\r was so 1mccrtain, 
it. was decided not Lo redtl<:e the length of t.lw motor 
lub(:. corrcsponrlingly . 
Buh~equcrttly, hvo fac:t.ors am>e" r('(l whic_:h rna~ I<> 

" reduction in 1eltglh desir;,ble: ihe int el'ferenc·e 
betwe<m the tail of the rocket and t he wing Aaps nn 
<:rrtnin aircra ft :m<l the fcl(:t, l,hat. t.he bornh elevators 
in n considerable number of ftil'Cl'ftfl, c:u·riet·s woulcl 
not <-H:<:ommorhlt(}' motors longc1· than 80 in.1 but 
required Lhe use of other ele vators for transferring 
thl) rockets from the magazines to the 11lnnes . A\. :1 

eonjereJ)tC jn Dc<:nmhet· 1!)4-4 'Yith l'C:presenbtfivcs 
of t.he Bureau of Ordna nce, it was de<·idcd th11t t.be 
motor t ube should immediately lle ;;hortcnccl as 
much cis possihl<~ wlthout <;hanging the ~ervi<·c. 
hc>tds CN!k 1 and Mk 2) irt order ~bai tue outside 
hmgl.h of Urc motor· shipping box could be kept 
under 80 iu . :Modift t::\ti<m number< wen1 assigned 
for the shor-te11ed motor, nnd produ ction of t be 1Io<l 
2 w:rs hc~gun h~· ClT ns won "s new tnbcs could he 
mi<de. It wilssubscqlleltUy found tlraL Ute buttress 
l·llf·t•nd was strong enough to stand W>tte•· impact 
even withoul any <.)verlap of the. ·motor luh(_. over 
Or<' hen<! . Consequently, in the fi~~nl design 

(Model 5) the "sklr·t" on the head was removed an<l 
t.he n1otor t.uht; W(}S m<t.dc as short ns possible. 

As has a ll·endy beeu pointe<! out, the ~\ll o.Jcl b 
motor was l11ter found t.o be too weak to w-ithstar\ll 
gl·ouud imp<H:t aud cannot he giv~n 1' long UlH.lCI'­
grQund tmjector_y evert wit.h t.he spl,>ere-ogive hcttd. 
Whether J·his is caused by t he Jack of rwerhp of ihe 
moto>· t ube over UJ<1 h<>ad, by t.he much t.hinncr· 
wall, or by a combination of the l.wo factors has not 
bee" de!ermioecl. Whether tbc :N!odel 5 motor is 
acttwlly an improvement ()Jl tht~ previous acsignsl 
then, depends upon the tactical use. For rcrosl pur­
poses1 it..s higher -volocity rccoutmcuds it. 

Nozzle l'Ud~. I 1\ view of l.]u) snc,·es> of t.he 
llVAR, t:hc ,,hoicc of a m1~ tiplc 1\uttlc: (see Figure 
I I ) for Thr'1 \ Vfts oll \"ious. Various 1nnnbcrs of 

F ICURr·: Jl . N().zzle end of Tiny Tim. 

uo<':zlt!!i ranging from G tQ 80 wen:- consid(H'e{L 'T'hc 
choice feU upon 2<1 as :\ good compromise between. a 
brgc ll\Hnhe1· of smnll hnles, which (;Ould h<} mode 
i~ill r [' ~impler (ooling, ""d a small rm rrrbet of lar-ge 
holes, wllieh would be chen per. The holes wcr·e 
;l JTangcd J6 in the outer row 1 8 in t.hc inner row . an1l 
one large one in the eentcr, ,,·hich is closed by a 
heut-ins11lated copper disk unlc'S the pressure dur­
ing firing ri::.es high tm<.)ugh w ejec;L il. <lud Lhus 
i\\crease the nozzle port. area . .Since the motor Wll$ 

to be capnhle. of st<1 nding on end, thn usual mct.hod 
o[ br·inging the eleclrical h~:1d out of one of t he 
nozz,les coulct not be used. Spcdul ckctr·ical rc(:cp· 
laclP$ placed iu \.lm no•zl1l plate wen: therefvre 
desil(uecl. A specinl electricnl cable is supplied with 
cuch motol' to go betwee-n the rccepl !t(·h• on thn nir· 
craft and tlwse in the notzle plaLc. 
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Ta£ls. Considerable evolution took place on the 
tails, but nothing need be said about the early 
designs because they were all based on the idea of 
welding lugs onto the motor tube. Unfortunately, 
the author, who was responsible for the design 
details, was not a good metallurgist, and it proved 
to be absolutely impossible to weld even so much 
rts a Us-in. stud on the N-80 motor tubing without 
getting occasional failures· in the pressure test of 
the tubing or in field firing. 

The tail which became standard was not of very 
elegant design and was never intended to become 
permanent, but Navy production began with it 
and \Vorlcl \Var II ended before the later improved 
design could be put into production. The individual 
fin pieces ·were made from H-irl. aluminum sheet, 
24ST, with radia] beads rolled into the metal 3/s in. 
high for stiffening. The two halv~~s were riveted 
together and to two steel bands whieh ch1mped on 
the motor tube, the rear band seating back against 
the ridge at the rear of th(~ motor tube. The choice 
of aluminum over steel was made partly from 
weight considerations but chiefly because it was 
thought that less damage would be done to the 
propeller should a fin by any mishap get into its 
arc. The early fins. were 12 in. wide, but in order to 
fit into the TBF bomb· b~iy it . w:as necessary to 
reduce them to J 0 x 24 in., which became the 
standard. Interference ·with the wing flaps, which 
occurred with the adoption of the drop launcher in 
J Hnuary 1945, caused the ieai· corner of the fins to 
be cut off, but, even with the corner removed, it was 
necessary on the Mod 0 motor to move the tail 
forvmrd from its normal position in order to clear 
the flaps on some aircraft. 

For the Model 5 motor nn entirely new tail was 
designed. It was considerably lighter than the 
standard and had individually attachable fins so 
that they could be shipped in the motor box with a 
consequent saving of about 10 eu ft of storage space 
per motor. Since the Model 5 moto:r· was not pro­
duced by the Navy, very few of the new tails were 
made, and still betkr designs h~we since been 
worked out at Inyokern. 

With regard to fin shape, the eonclusions of the 
water tunnel tests on the I-IV AR are probably 
equally valid for the 11.75-in. AR, and consider­
ttbly wider fins would be desirable if they would fit 
on the aircraft. Tests of telescopic fins have been 
tried at NOTS, Inyokern, and sneh fins might sig­
nificantly increase the accunwy. 

Lug Bands. Lugs for attaching the motor to the 
airplane were originally welded to the motor tube, 
but this scheme had to be abandoned along with 
the welding of the fins, and the lugs also were 
attached to bands. This arrangement proved to be 
necessary for another reason, however, for it is 
impossible to use the same lug position on all air­
craft. The Mod 0 motor was issued with the lug 
bands placed as re.quired for the displacement 
launcher on the F4U, which was to have been the 
first installation to get into combat. Five bands 
were required: a standard bomb-hoisting lug at the 
center of gravity of the loaded round, two standard 
bomb suspension lugs to fit the standard bomb 
racks, and two launching lugs to attach to the dis­
placement launcher and release the rocket at the 
bottom of the swing. In the latter part of 1944, 
tests on the drop launcher were so successful that 
the displaeement launcher was deelared obsolete 
and was removed from the airplanes. The drop 
launeher required only the three st~•ndard bomb 
lugs, but a second hoisting lug was attaehecl ttt the 
center of gravity of the loaded motor for handling 
it before the head was attached. The cha.nge in lug 
band nrrangement was made almost simultaneously 
with the change in motor tube length, so that almost 
all the Mod 0 motors had 5 bands, while almost all 
the Mod 2 motors and all Model 5 motors bad 4 
bands. 

None of the lug bands made by CIT would stand 
up under the londs specified by the Bureau of Aero­
nautics, corresponding to accelerations of 13.4g 
vertically (i.e ... radially) and 11.4g fore-and-aft. 
They were adequately strong for ordinary use, how­
ever, nnduntil the internal ballistics problems were 
resolved, there was no time to worry totbout lug 
bands. "\Vhen comprehem;ive tests were ronde, it 

. became appttrent that it would uot be possible to 
· make suspension _bands out of ordinary cold-rolled 
steel that would be strong enough to prevent slip­
ping or distortion under the speeified loads without 
a considerable increase in thiekness over the ?16 in. 
that had been used. The bands being made by CIT 
1voulcl take, on the average, only abuut half the 
specified loads, and those from the Navy eon tractor 
would take even less. Even the bomb suspension 
lugs themselves were too 1veak. Consequently, it 
appeared desirable to adopt heat-treated 4130 steel 
for the whole assembly and thus obtain pnrt.s about 
which no question of strength would exist. A 
minimum yield point of 100,000 psi wns specified, 
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and as this was two and one-half times the average 
of the cold-rolled %-in. bands, it was possible to 
reduce the thickness to ;/8 in. and still increase the 
strength well above that required. 'l'ests showed 
that 3---8-in. suspension bands properly heat-treated 
would stand the vertical load test with a consider­
able margin of safety and could be tightened on the 
tube so securely (75 ft-lb torque on Y2-in. bolts) 
that either band alone would withstand the specified 
vertical and fore-rmd-aft loads, although in actual 
practice the loads would always be divided almost 
equally between the two lugs. These bands were 
recommended for Bureau production. 

19-5.2 Internal Design Features 

Blowout Dz:sk. The central nozzle is closed by a, 
shallow copper eup, damped in place by a threaded 
retainer. The cup (usually called a disk) is insulated 
from the motor gases by a 34'-in. asbestos-filled 
ba,kelite plug £tnd a layer of hard-setting Permatex. 
Originally the disk was 0.064 in. thick and sheared 
at tt hydraulic pressure (cold) of 3,000 psi. It was 
found that this disk did not always blow out at 
130 F, and, when it did not, high pressure peaks 
and much lower gas velocities were obtained in field 
firing. A reduction to 0.050-in. thickness, giving 
2,250 psi as the cold shearing pressure, mised the 
average gas velocity at 130 F from .5;130 to G,340 
fps. Static-firing tests gave 3,120 ± 150 and 
2,490 ;:1;; 115 as the actual mean blowout pressures 
of the two thicknesses of disks, slightly higher than, 
but in reasonable agreement with, the values ob­
tained with cold water pressure. The Inter adoption 
of JPN in place of JP propellant,b with the conse­
quently lower pressure at high temperature, brought 
a further reduction of the disk thiekness to O.LJ-13 
in. in order to keep the safety factor of the motor as 
high as possible. 

Grid. The grid design wtcs fairly obvious and has 
caused no difficulty except that it was originally de­
signed much he~tvier than proved to be necessary. 
In trimming down the Model 5 motor to the mini­
mum in weight, ttbout 10 lb was ·saved by support-

b The original ballistitc composition used by CIT (stlmdard 
trench mortar p1;opellant was designated JP for "jet pro­
pulsion." In 1944 a slightly different eomposition became 
standard and was designa,ted JPN (N for "new"). A.11 experi­
mental composition designed to have higher strength was 
ealled JPH (H for ''hard"). All compositions contain roughly 
7:; nitrocellulose and nitroglycerin with srnall amounts of 
othe1· compounds. 

ing the grid on four legs instead of a ring. The ring 
was originally used to prevent erosion of the nwtor 
tube at the front face of the nozzle plate where the 
gases are defleeted to go through the holes. 'l'his 
erosion had been found to he serious in the HV AR at 
high temperatures, but on t,he 11.75 in. it proved t~o 
be very small because of the difference in gas flow 
through the larger number of nozzles. To :make 
doubly certain, the length of the motor tube 
threads at the nozzle end was mnde less in order to 
expose a minimum number of threads to the gases in 
front of the nozzle plate. 'l'hat this change now 
made the two ends of the tube different was not 
thought to be a serious objection in lnrge-scale 
production. 

Structure for ]V[ o·unt£ng Propellant Charge. When 
the idea of using a multiple-grain eharge was 
advanced, enough experience had been gained on 
smaller grains, partieularly the 2.74-in. crueiform, 
to indicate that they would not burn stably and 
smoothly unless each grain was shielded from the 
radiation given off by the others " and fairly well 
supported mecha,nically along its whole length. It 
was also desirable tlutt the grains be held firmly 
down against the grid even under bt:tekward accel­
erations of 12g. The most persistent and difficult 
design problems arose in connection with the struc­
ture for accomplishing these ends. 

Charge Support. Although, strietly speaking, 
nearly every internal part is a support for the 
charge, the name has been given to the structure 
which attaches to the grid at the rear end and 
serves to hide the gtains from each other, supports 
them along their length, and attaches at the front 
end to the elamp which prevents the grains from 
moving forw~wd. Only ma,jor variations in the 
charge support will be discussed here, since small 
changes were almost innumerable. 

The cnrliest tests, with charge supports which 
completely surrounded eaeh grain, were unsuccess­
ful because such supports had to be made out of 
fairly thin steel (0.075 in. was used) in order to fit 
into the tube. :Flight of the rocket was satisfactory, 
but virtually the entire rear end of the charge sup­
port was eroded away by the time the burning was 
three-quarters complete so that the grain broke up 
early and gave low gas velocity. 

a R.eccnt research at Invokern has shown that tadiation 
effects are aetually not, serious in this case, however, so that 
eonsiderably lightE-r and simpler designs of charge support 
can be made. See :Figure 12C. 
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The first suecessful charge support was the so­
called 11X type" shown in :Figure 12A. It was 
formed from %-in. steel sheet and welded to the 
grid. It was rea1ized that, touching the grain only tlt 
the corners, it might not give sufficient support, 
but it was simpler to make than other types which 
had been suggested, and the initial experimental 
tests \Yere successful. It is probt>ble that powder 
having a compressive strength as bigb as that of 
.JPH would perform about as well in this charge 
support a::; in any other. When, however, a large 
quantity of ballistite was received with too high a 
nitroglycerin content and a consequently lo-vver 
compressive strength, trouble was immeclit'Ltely en~ 
countered in high-temperature proof firing. The 
new powder gave high pressure peaks and excessive 
powder breakup, and on one round an effective gas 
velocity of only 4,620 fps Wt"ts obtained. In the 
belief that the diffieulty was probably insufficient 
mechanical support of the grain, tests were begun 
\Yith n new chn,rge support, the 4Y type shown in 
Figure 12B. 

The success of the 4 Y type in eliminating the bad 
high-temperature performance 'vith 44: per eent 
nitroglycerin .JPN propellant was specta.eular. In 
one field test, it increased the gas velocity at J30 F 
by more than 1,200 fps and completely eliminated 
the end breakup peale as far as could be ascertained 
from the photographic data. The dimensional toler­
ances as originally laid clown would have given the 
grains the same amount of support that they have 
in the 5.0~in. motor, in which the ends of ~tll four 
arms are supported and the spaeing between sup­
ports on opposite arms is very closely 4.625 i.n. 
This is accomplished in one direction by holding the 
anus of the Y's ~tccurately and in the other direction 
by holding the and concentricity of the central 
square section so that the spacing between it and 
the ID of the motor tube is correct. It was never 
possible to meet these close tolerances in the fabrica­
tion of the charge support, and the drawing toler­
ances were progressively loosened to be in aecord 
with the facts. In ordinary service, apparently, a 
very loose fit of the grain in the support is adequate. 
With powder of low quality m in high-temperature 
fu·ings, one would expect the gas velocity and the 
number of failures to depend on the snugness of the 
fit. Therefore, the author has always taken the 
attitude (in cliseussions with Navy contractors) that 
it is worth a little extra trouble and expense to 
make the charge support as accurate as possible, 

B 

c 
FIGURE 12. Charge supports for 11.75-in. motor. 
Top: X type. Middle: 4Y type now standard. Bot­
tom: Tubular type which may supplant 4Y type. 
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even Lhough iL is illlpossible to prove cxtJcrimcnhlly 
t hat to do so will improve perfonnance. 

The •I Y WllS welded t.o t he grid and had four 
threaded studs f<i Lhe front for holding l.he <:b:trg<' 
clump. lt was made from 11-gnuge steel in Jour 
se<:Li<>ns whi<;h w(>rC originally spot-welded together, 
but.: after sotne came apart during firing , a tivef,e<l 
design was t.ricd nnd founcl successful. Elinunation 
of the large amount of welding mndc it much c;~s.icr 
to keep the pads st.1·a ighe and t rue. 

Por Nuv)' contract.ors who prefencd them, holl'­
cver, both spot-welded :tnd om;-welded <l;,s igM " ·•·rc 
included b1 Navy drawiubos as :1\lernates. A]s,, 
permitted WHS n design in which t he charge suppor~ 
was bolted ra t.hcr t.hnn welded In t be grid , f><)rmi\­
t.ing t.hc usc of shims to gd it concentric ttttd co~xi~l 
witch t.lw grid. The a rms of t he Y's at the nozzle 
end showed a tendcut>y to warp :lway from the 
gr~•ins duJ·ing firing, ancl t.hey were teinforecd by 
pieces of lwin. angle il'OJl. rrhc only other change 
WllS to shorten the support aL Lhe Lime of mo,·ing 
!.he igniters from the rear to t.he from oi the ch:wgc 
clamp wh id1 i~< di~"""sed h•tl•r. 

In the JIIIo(h~l 5 motor an attempt \\·as made 
lo dispense with llS much weight as possilllc . Vari­
ous schctues wen"· 4.riccl to n1akc 4Y charge supports 
from 14.- or !2-gauge materittl 1\~thout. success . IL 
:lppciHs IJ>nt not.hing thinner than the standard J 1-
gauge malerittl will ho\<1 i ts shape during firing w~ll 
<mougb to give the g1·ruu i ts neeessaty SUJlport . 

Chal'ge Clamp . 'l'lte <:htJrg<' damp is holt<'d in 
place as one o( the last opemtioO$ in motor loadiug 
Lo hold t.hc grains firmly against. the grid. In ot·der 
to a.cc:ommoditte smaHlength diangc.<s in t.hc gr~tins, 
about l~-b1. tbiclmess ol cnlcifo1·m felt washers is 
pluced hetwccn t.ho <'lomp and the grab1s . Origim~lly 
the igniters were placed betweert the felt 1\lld th(\ 
f•·ont end of t.he grain, but, with i.heigu.itm· size then 
in lJse, t.hi$i ~HrangcnH~nt. was found l·o s'Jbj<.}.ct tht.:­
grrun~ and Ute damp t<t nlther large fon·es upon 
ignition, and the ignitcts were then mounted ou the 
front. fact\ of the charge damp . \1 arious le.•s rugged 
designs of charge clamJl we1·e t.riecl and found ~o be 
too wcnk to wit.hstntHl the ignition forces. '.l'ltc 
final aesign wns a %-in . t.hick st1•el plate, torch-cut 
into the approximate shape oi the four crttcifo•·m 
gwin~ rmd bolted t.o four studs wt!lded t O t.he charge 
suppor~ (see Figure 13) . With tbe igruter in IrOCt~ 
nf (.he ch~rgc cJnmp instead of between it and the 
graitts, t he clamp '""' prohltbl~· he made th inner 
anrlliglrtet if it should appe:u· desb·able . 

Taniter.$. 'J.'hc eMly cxpcl'imcn1<tl rn<>lor~ u~e<l 
eiLher l(j or 2•f Mk 9 igniters, whidl wt•w developed 
fot· t ho 3.25-iu. moto•· and eomaincd 35 g of black 
powd<lt' c:H;h. As soon as it was av:>ilable, t.ltP 
]llastic tft~e ignit.er whidl ll' llS developed (Ol' tho 
5.0-iJL 'i\focor l\Ik J ll'fts adopted . T his is 4 .G in. 
in di<\m<Jtcr un<l 2 . l .in . high, tuHl ltas H powder 
compart.mMt hohli ug up to 200 g of powder a tld il 
wiring ;oom)lartmcnt for eouneeting the two c)cct!'ic 

/ 

F TCUR&l3. Front end uf eharge fo1· 11 .75-ln. mo· 
t.or sh<)Wing charg¢ <"lamp and 230-g ign iler. Lattu· 
design clhninut.t~d exposed ignlter -wil·cs. 

squibs. Four of t,h(•sr· igniters wm·e used, one iu 
front of each gmin. giving a \olnl c>f80(\ ~of black 
powder. 

Ju the eady firiugs, itt <ll'<lc•· to get the ~rains to 
h:mpc:raturc .itr wns JlCCt~ssary to romuv<~ the. nor.zlc 
charge support nsscmbly fmm t he motor. As a 
resul t, \n lo,y-te.mpem(ure- firing~, t:onsidcnt.hlf' f1·ostJ 
formed 011 t,h(' surfr~co of the powder gntius. Oue 
static test showed ;m i~nit.c•· peak '>f c>n l~· '100 p<i 
an<l :t 50-millisecond delay ilt reat:hing tlte e((uili h­
rium pressure of 850. S ince in aiJ·or&ft rockets h is 
desirable to h!tve the pr~.•Rure ri~c ns n•pidly ''~ 
j)(ISSihlo, it had been t.hc general policy in dele,~ 
mining t.be adt'!t.)Uacy of an igniter to hH.vc n pressure 
pt,<tk nt t he low-temperat.ure li rnil ahoulM high us 
the <lquilibrillln pre•surc . On the b>1.S)s of the -35 I•' 
static ]:>e.rformanco it. was decided lo t ry a lot.al of 
l ,200 g of igniter, by fi ll ing tbe wbiug comp:utment 
as well as the powder compnrtmcnt. ~nd clt·illing 
holo.s between them. In the init.ial sloltifo tesls tb~ 
increa~cd igniter appenrc<l satisfactory from - 50 to 
1-l4 F, aocl it was adopted :Is ~t1lnd•u·(l. Later the 
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four plastic igniters were superseded by four tin 
phtte igniters of the same capacity, also containing 
two squibs. From the beginning it was intended 
that the tin pla.te igniters should be used when 
available, but the abandonment of plastic igniters 
was accelerated by the discovery of a piece of plastic 
which had been blown into the oil cooler of an F4U-
1D, incapacitating the aircraft. The new igniters 
were mttde of 0.010-in. tin plate on ordinary tin can 
machinery with top and bottom crimped to the 
sides with the standard "double crimp." 

In experimental firings from "ring launchers on 
the SB2C airplane, either with fixed or "lanyard 
drop" launchers, there was severe damage to the 
elevators. Investigation with. high-speed cinema­
tography disclosed that the elevators were given a 
severe and brief acceleration, presumably by a 
shock wave, before the main propellant blast was 
set up. It was soon found that the magnitude of this 
shock wave IS roughly proportional to the size of the 
igniter. Accordingly, it was decided that the igniter 
should he as small as possible even ~Lt the sacrifice 
of low-temperature performance, and a single tin 
can containing 230 g of black powder was adopted 
as standard. 

In retrospect, it is clear that, if the grains had not 
been frost-covered on the early cold shots, we would 
not have concluded that 1,200 g of igniter was neces­
sary. The proper amount from the standpoint of 
good ignition is probably 800 g or somewhat less. 
\Yhen this factor is balanced against the shock 
wave damage to the aircraft, it is very difficult to 
determine the optimum amount to use. Tests con­
ducted at NOTS in March 1945 on the effect of 
igniter size on blast damage showed that the main 
blast was larger than the igniter blast up to about 
500 g of igniter. It was therefore recommended that 
the igniter charge be doubled in the interest of 
better ignition at low temperatures. No such ig­
niters had been made by the time the rocket was 
turned over to NOTS. As an alternative, two of 
the smaller igniters could be used, but this seemed 
undesirable since it increased the power require­
ments and eomplicated the design. 

I gm:teT Leads. The method of connection and 
protection of the wires running from one or more of 
the igniters to the electrical receptacles in the 
nozzle phtte was a persistent problem. Various 
troubles involved in making connection to four 
igniters will not be discussed. When the single 
igniter was introduced, the wires, which had for-

merly been brought out near the outside of the tin 
can, were moved to the center and a 1.0-in. hole 
was bored in the eenter of the charge clamp to admit 
them into the eentral square in the 4Y charge sup~ 
port. At the grid, the wires passed out of the 
central square through two rubber grommets (later 
combined into a single two-legged grommet) and 
thence to the receptacles. This arrangement was 
satisfactory except that the wires (about 10ft of No. 
16 stranded copper, insulated) were always ejected 
during burning. In an attempt to keep them inside, 
a number of sehemes were tried: wrapping the wires 
around the grid, tying them to a rivet at the front 
end, running them through small holes in fL bulk­
bend at the front end of the square, and plugging 
the eentral square with a plastic material which was 
cast around the wires. The design of the Mk 1 
motor was frozen with no method of imprisoning 
the igniter wires. In the Model 5 motor, the wires 
were brought through the grid through small, snug­
fitting holes without grommets. With this arrange­
ment, almost all of the igniter leads remained in 
the motor during firing. 

Occasional motors were found to be short-cir­
cuited because small flakes of steel and beads of weld 
dropped from the cracks in the charge support into 
the receptacle holes in the nozzle. To prevent this, 
theholes were filled with a plastic material. Several 
were tried, the best being "3-M Weather Strip 
Cement" (Minnesota Mining and Manufacturing 
Co.). 

The electrical leads from the nozzle plate to the 
aircraft also caused considerable trouble, particu­
larly in drop launching, because the wind force 
tended to break them and because they had to be 
coiled so as not to tangle. In the final design (shown 
in Figure 11) the joint between the two-conductor 
cable and the two single-conductor eables, at which 
breakage usually oecurred, was eliminated by un­
raveling about 1ft of the two-conductor cable, tying 
the individual insulated conductors in an electrician's 
knot, stretching them into the form of a T, and 
molding rubber over them. Numerous schemes for 
coilhJ.g the lead were tested and rejected. The 
method finally adopted was to lay the excess cable 
along the motor tube in one long loop. aud attach 
the loop by means of special aluminum clips to the 
length of cable running from the nozzle plate to the 
suspension lug at the center of gravity of the rQund. 
This design materially reduced the number of mis­
fires in drop launching. 
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Motor Seals. The design of primary and auxiliary 
seals for the motor was relatively stntightforward, 
based on experience with the 5.0-in. HVAR. Each 
nozzle is sealed individually with a die-formed steel 
cup 0.010 in. thick. The seal for shipping purposes 
on the Model 5 motor is a shallow steel pan screwed 
against a rubber gasket on the rear face of the 
nozzle plate. An attempt was made to reduce the 
mass of the 24 little sealing cups, but it appears 
that thinner cups do not give a reliable seal (0.005 
in. being entirely too fragile) and aluminum cups 
are destroyed in a short time by electrochemical 
action in a salty atmosphere. The front seal is a · 

was forged in one piece. It was closed at the base 
by a steel plug nccommodnting three PIR or DDR 
base fuzes, and both the plug and the fuzes were 
sealed in place with gas check rings. It became the 
standttrd production head. For the Modcl.5 motor, 
the long "skirt" was removed from the Mk 2 head, 
making it the Mk 4. A sphere-ogive head (see 
Figure 1:3 of Chapter 24) was also designed and 
tested both under water and under ground. 
Although it had a much longer underwater and 
underground trajectory than the Mk 1 or Mk 2 
heads, the latter were also stable, and so the sphere­
ogive head was not put into production. Most CIT 

STABILIZING FIN -~-......_..< 
ASSEMBLY 

AFTER SUSPENSION LUG 

t-iOISTING LUG AT CENTER 
OF GRAVITY OF ROCKET 

FIGURE 14. 11.75-in. rocket ready for loading on drop launcher. 

very tight-fitting steel dome inserted with a hy­
draulic jack, and a light disk in the thread protector 
gives further protection. 

Heads. The first "service'~ head, which was hur­
riedly designed and put into production by the 
Naval Gun Factory when the high-priority service 
test was in prospect, was the 11.75-in. Rocket Head 
Mk 1. It was admittedly a stopgap and was made 
by welding a heavy adapter to the rear of a standard 
Navy 500-lb SAP bomb and machining the buttress 
threads on the adapter. It allowed only a single 
base fuze and was not properly sealed against the 
motor pressure. Later the Mk 2 was designed hav­
ing essentially the same shape as the Mk l but a 
solid nose (the Mk 1 had a small nose fuze hole) and 

tests were made using practice heads. They con­
sisted of a piece of tubing closed at the front with a 
standard dome-shaped welding head and are shown 
in several of the photographs. 

Fuzes. Tim started out with the Mk 157 base 
fuze (Mods 1 and 2) because it was available and 
later used the improved Mk 163. The DDR fuze 
for Tim is designated Mk 162. 

19.5.8 Types and Designations 

The original motor (tube length 82.0 in.) was 
designated Mk 1 Mod 0 in CIT production and Mk 
1 Mod1 in BuOrd production. Mk l Mods 2 and 3 
were assigned to the slightly shortened version 
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(rno(Ol' tube i-5.75 in. long), :lllcl t\:wy proclu<-tion 
wl\S dumged to this cle;i~tn. Doth round:; are des­
i,::nated :\lk :3 with either )I k I or )!k 2 ht'nds, but 
('IT nomencl:\ture distingui~hcs between the long 
~lode! 3 and t he " medium-short" :V!odcl ·L For 
Ow so-eaBed "ultn\-sbort'·' motorJ the d(\~ignation 
Mk 2 "·ns a;..,igncd to Savy production Jl\Olors, but 
none were ,.,·cr produL-ecl, nnd motor :md round 
usually go by til(' CIT namo , :\fodcl 5. 

19.$.·1 Lanu c;hc rs 

Aircraft l:tunthors for Tiny Tim (sc·c· l·'ij,•ure 14) 
have b~«)ll dis<·usscd in ('haptc,· 17. Sev0ml ground· 

F!C:t)RJ:: 1!). Experimental Type 61 utCl'O•Icngth" 
ground launther for Tiny Tim. 

firing launclH•rs wc1·c also built for proof-firing t.hc 
J'OIIItds and for po:;.~iblc usc ugninst mvcs. .Most of 
the launchers were of the two-rail variety, the guicle 
con•isting of two long p..,.allcl pipes suJ>portcd !«> 

ll111t one fin rides between Lll!'m. Launchers of thiS 
type discussed in Rocket uwnclters for Surface F se "' 
nrc the Type 53 proof-firing launcher, the Type 55A 
ls.unrhcr moun.t(~d on a two·whccl trailer, and tbe 
' l'ype 59 "portr,ble' launcher which sits on the 
g•·•>und on it~ vwn legs and cnn be carried by eight 
men. AU tbe&' launchers nr~ bulk·y (12 to t5 ft 
long) aud cumbersome and, as in the case of the 
liVAH, do not apparently increase the n.ccuracy 
vver that of a much sbortc•· launchCJ'. A "zcro­
l<•lll(th" ground lnwlchcJr, tho Typ(' 61 (~ee F igure• 
15), was therefor~ designed in which the front end 
of the motor is supported on a rotating sector nnd 
both ends b<'c·nme free :;imultaneously nfter 10 in. 
of moliot\. 

19.!1.$ Reports 

A full discus~ion of the dc•ign ;\nd develOJ)mcnt 
woblcms of the rocket nloto1· is given in rcfc•·ence 4·1 
from which much of the previous discussion is 
htken. The slate of the ammunition at the lime of 
th~ first high-priority progrnm, with tlw X-type 
thu rgc support nnd the :Nlk l hcnd, is showu in a. 
lltt0l'Ct pamphlet ," and l1\l.C1' revision• show the 
production model. On propo•cd sCJ·viee u>~Cs, t he 
only CIT rCJ>Orts are references ·16 :;ud 4i. Later 
rrt>Orts have all been put out by lhr )laval 
Q,·dnance ·res~ Station , lnyokern. An illustra ted 
art.icle on drop l•nmching is contained iu ,·cfcrence 
·18. :\IanttfacttHing nnd inspection problems arc 
discussed in reference 49. 



Chapter 20 

SERVICE DESIGNS OF SPIN-STABILIZED ROCKETS 

By C. W. Snyder-

20-1 3.5-IN. SPIN-STABILIZED 
ROCKETS [SSR] 

D URING THE :FIRST TWO YEAHS of the project, all 
CIT's work was with fin-stabilized rockets. 

In this we were following the lead of the British, 
but it was undoubtedly a wise choice for fin-stabilized 
rockets involved fewer and generally simpler prob­
lems than spinners and could therefore be developed 
and put into service use more quickly. German 
rockets, however, were almost all spin-stabilized, 
and their success (especially against our Flying 
Fortresses) coupled with the hope of obtaining 
greater accuracy and more compact projectiles led 
to the initiation in 1943 of intensive research on 
spinners by both major rocket gToups in this country. 

At err a few rounds of experimental 4.5-in. 
spinning batmge tockets [BR] had been fired by the 
"Accuracy Committee" in the spring of 1943, but 
the first successful firing of a finless rocket was on 
the following October 13 ... This rocket, designated 
the 3R1 (i.e., 3.0-in., Rotating, Type 1), consisted 
of a standard 20-lb 3.5-in. Mk 1 head (solid steel 
antisubmarine aircmft r-ocket [AB,] head), a 3 .25-in. 
motor tube, and a nozzle plate held in place by a, 
3.5-in. diameter threaded ring. The eight nozzles, 
each with a 0.250-in. throat diameter, were canted 
tangentially at a 16-degree angle to give right-hand 
spin. Overall, the round had a length of 22.5 in. 
(6.4 calibers) and a weight of 29.75 lb. The 2.5-lb 
cruciform grain, seated on a "button" grid, im­
parted a velocity of approximately 550 fps. On the 
first test, both integral (i.e., bored out of a solid 
nozzle plate) and insert nozzles were tried, and, 
since both were satisfactory, the insert design was 
chosen. Since an explosive head was required, the 
Mk 1 head was quickly replaced by the 3.5-in. 
Head Mk 3, having the same weight but somewhat 
greater length. It was discovered that the dispersion 
could be significantly decreased by machining the 
outside of the head to a slightly smaller diameter 
(2.45 in.) except for about an inch at the rear, so 
that the launcher contacted the rocket only at the 
two "bourrelets," one formed by the rear portion 
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of t,he head and the other by the nozzle ring. This 
rocket, fired seven weeks after the first one, appears 
at a casual glance almost identical with the one 
finally designed and standardized, but actually the 
development was only beginning. 

In the ensuing months, such problems as the fol­
lowing had to be investigated. What are the op­
timum nozzle cant angle and the maximum quad­
rant elevation for stable flight, and how do these 
affect one another? Where should be the center of 
mass and what should be the shape of the nose to 
give minimum dispersion or mn,ximum quadrant 
angle? How long can the roeket be and how fast 
can it go and still remain stable? How does dis­
persion vary with launcher length, and what is the 
effect of malalignment, of dynnmic unbalance, of 
tip-off, and of wind? To discover the nnswers to 
many of these questions took more thnn a year 
and a very eonsiderable number of rounds. 

The original exploratory work on spinners took 
more definite form as the result of n request by the 
Marine Corps for a spinner which might be sub­
stituted for the 75-mm pack howitzer. For this 
application, a tubular launcher mounted on a .30-
caliber machine gun tripod was developed, the final 
model being the CIT Type 42B or Mk 40 Mod 0. 
In comparison with the pack howitzer, the roekct 
and this launcher had a considerable advantage in 
lighter weight and consequently greater mobility, 
but, because of its higher dispersion, the rocket was 
not adopted for service use. Various other possible 
uses of the rocket were suggested at different times 
and launchers for them were tested, but by the end 
of World War II no 3.5-in.. spinners had been sent 
abroad. 

20.1.1 Design Features 

Gmin. The 2.74-in. cruciform shape was chosen 
for the initial tests because of its rendy avaibbility 
and because it was felt that, since its inhibitor strips 
would remain in contact with the motor walls 
throughout burning, it would be less subject to 
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bcin~~: fmrturffi or thrown oiT tenter by the spin 
forrc•<. Inhibitors were cemented to both ends of 
the grain oud to tit~ reM half of I It~ outc·r curls oi ~II 
four ~u·m:-.. This 50 pet' cent inhibiting would nor· 
Lually gi,•e a prngJ'C.Sf'ivu bu1·ning Ctl l'VC1 but wit.ll t.l1e 
very smnll nozzles erosion j~ .so ~(·vtwc I hat ·the 
m·tua1 burning (·urvcs arc quite J'C'g""l'Cl's i\'~ at high 
lPLllpt•t·aturh. Haul ~lightly ~n nt medium tempera­
ture,. • \h hough the eruciforru •hat><', having been 

Fwmn: 1. 3.ii-in. s;pinner eomronents. 

<•ri~:inully tk>il!ncd for lllUch lunw·r· t;ruins ()lk 13) 
ga,·~ n \'f'I'Y low loading density (i,tcmul K only 35), 
it fulfillod lhc rcquiJ·emcuts ami wus neve•· changed. 
Jt wns Msij:(nnted Mk 23. A few <mrly tests were 
m:ult) with 5.0-11> f·ruciform grnin:;, but, because. of 
the greater length an<l higher vc·lucity, these rockets 
were nol st~hlc. 

During till' winter of I!).J.-1 to lll·la l\\o other grain 
>bSJl<!o were tested in standnrd motor~. One was a 
2.5·1b ·'hexaform" (six-legged) grftin, whic·h gnvc 
perfortnanc·c• almo~L idcntitttl with that of the 
•tandnnl except at low tctopemtUI'c• whct·c it was 
~npcriot · Lo the slnndnrd . The other was a :1 .09-lh 
Lubu1:u- ~r:liu, which also twa-fonnc{l S:l\tisfnctorily, 
l(h·in).( vdocicics above 950 fpo it> r·o11tp"r~d to t he 
shuuiMd i»O fp.<. 

Iumttr. Brass c:m igu.iterb l'Cmtaining 20 g of 
powtlcr were used originally, but they iguited the 

grain rntl1er slowly ro that lh~ low-tcmpcrnturc 
perfol·lnunc" "'"~not good. TIUrty-6 \'C·gl'tilll plastic 
(':u;;c iJ;tni1crs wen~ llwn Lrjpd 1 hut aft.c•· n thorough 
H·~t il wn~ round that plastic.: C:l~t' j)(n it.cJ'r"l guvc i>O 
per ccn~ g1·cnt~•· dispersion than b•·n"" can igniters, 
rht• c•xplan~Lion presumabl~· lu•ing thnt pieces or 
c<'ltulo~(' ~u·(•lnlc were plugging $0Hlc oi the uozzle:s, 
at lenst leu1porarily. Tlw final •olution lo the 
iguiu .... problem, in this as in most oth<"l' c·n~s, was 
a m~t:ol t':l"<' igniter, the )lk IS )lod 0 containing 
:lOg of powder. Iu this a:< in all •pinner igniters, the 
"fabc• •·•·imp" (see Figure H of \h:optc>· 22) was 
u;cd to J'<•ducc the impact on th~ Jll'Opdlanr grain 
c·ai'"NII •,I' I he but~ting of tlw c·lnH·I~· t·onfinc•l igniter 
c.·a.sc . 

G>·h/. Sil'iclly speaking, the :J.5-in. S:>R does 
not bun~ H ~rid, but the tm·m hnH always been used 
to denote the litllt• button on whieb the grain sit•. 
As prr,·iou~l)• mentioned, lmtlon grid' came very 
nearly being <:tlisfactory even for the !!.5-lh )lk 13 
gmin, o;o the) \\ere the ob,·iou8 choice for the much 
sbort~r <ttinncrs. The original gri<L, wrrc 2 in. high, 
b\tt it"'"" <1ui<·kly shown that :t rctluetirm iu heigh!. 
t'!V(!H to )12 ln. ~ave no .!$ig-uifk:uH ('h,lngc in pm·­
fut'Lmul<·c, a1Hl this <Hmen.':iion bccuutc RtnndtJrd . 

Nozzlc• Plate cmd Rinq. Eight noxzlcs were ol'ig­
in"lly el1()<t•n fnr symmetry with I'C<tn:c:l to the 
cru<•iforrn gr!liiL Six nozzles WCI"C found lO gi\·e no 
inerca•<• in dispersion and were JirdNnble from the 
pro(hl<'tion :.tandpoint as wcU as givia\g le~ ero.:iiou 
bec:m"' of their larger •ixe. As previously men­
tiou('l.l, in>cri nozzles were chosen both f<tr lightness 
and for cheapness, and furn:t~c brazing \\~ls found 
to be till' most satisfactory method uf holding them 
in the nozzle pliLte. Any method which hold., them 
•ctur<>ly is 11pparontly ecJually good. To :lSS\tre 
nccur:uc alignment 1md sccm·o fastening, very dQse 
lvl<·rt~nccs were found to b<l rcquit·ed on the nozzle• 
and on the holes jn tbe nozzle pl:\l~; the former 
were ccntcrless-grouud to an outside diameter of 
0.812 + O.OOJ - 0.000 in. tlll<l the holes were 
reamed to 0.812 + 0 .000 - 0.002 in. 

Thc· fin;t guess on nozzle cunt nngle was lQ de­
grees, and, nltlu.n•gh this rather large anglc• probnbly 
improved the pcrform:lnce or the cady mLber long 
tspinlltl':$ which were fired at. low auglcs, a slower 
spin wn~ rcq<lirecl for good high-angle fl ight. A cauL 
angle of J 2 olegrees proved to be the optimum not 
only for till' 3 .5-in . spinner but for nil !.lu• 5.0-in. 
bnrrtlJ;C :;pinners as. well. 

Sin•·•· the rockets were lo be u;cd from automatic 
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launchers, contt'tct rings were required, and the 
design finally evolved was the same as that for the 
5.0-in. spinners (shown in Figure 4). The "hot" 
contact ring was molded into a bakelite insulator 
which slipped over the rear skirt on the nozzle ring, 
which itself formed the ground terminaL Hivets 
through insulated grommets held the contact ring 
in place and made electrical contaet to the igniter 
lead inside the nozzle ring. To prevent ignition 
failures it was found desirable to solder the current­
carrying rivet to the outer contt'LCt ring. 

Since the motor tube had external thrcnds, the 
nozzle plnte seated on the end of it, and proper 
nozzle alignment could be obtained by checking the 
alignment with respect to the front surface of the 
nozzle plate and checking for squareness of the end 
of the motor tube. 

Heads and Motor Tubes. The first spinner to be 
fired, using the button grid 2 in. high, had a motor 
tube 13% in. long and a 3.5-in. Mk 1 head, making 
the overall length approximately 25 in. Substitution 
of the Mk 3 HE head increased the overall length 
by almost 5 in., and, although this rocket had suffi­
cient spin to be stable in spite of its length (the cant 
angle was still 16 degrees), it would not follow a 
45-degree trajectory unless the conical nose was re­
placed by an ogive of 4 calibers radius or more 
(8 calibers was usually used). The reason for the 
superiority of the long ogive was that it moved the 
center of pressure forward relative to the center of 
mass, thus increasing the overturning moment so 
that it could cause the rocket to follow the turning 
trajectory without exceeding the permissible yaw." 
With only half as much spin (8-degree cant angle) 
the rocket performed well at both low and high 
angles with the conical nose, but with an 8-caliber 
ogive nose was unstable at all quadrant angles 
because the stability factor was too low. 

Heduction of the length of the grid button by 172 
in. gave a motor tube 1278 in. long, and the length 
of the head was successively reduced so that the 
payload dropped from 20 to 1872 and then to 1472 

. }b. The 8-caliber ogive continued to be popular for 
experimental rounds, but, when the question of a 

·suitable nose. fuze arose, it proved to be simpler to 
.use the conical Mk 100 without changing its exterior 
contour. Proper igniter design made possible a 

~The dynamics of spinners and how the yaw e.auses it to 
keep aligned with the trajectory is explained in Sections 
21.5.1 and 25.5. 

further reduction in motor length leaving a mini­
mum of space at the front end. The final motor 
tube had a length of 1172 in. and had a light skin­
cut machined on the exterior to reduee v:ariations 
in wall thickness and consequent unbala nee. 

Seals. Motor seals, both front and rear, were 
identical, except for size, with those for the 5.0-in. 
spinners Figure 3 of this ch~tpter a.nd Figure 
13 of Chapter 23), but the nozzle end seal was 
changed to that shown in Figure l".m of Chapter 23 
so that the extending edges of the seal would hold 
the round in place in the tubular aluminum launcher 
Type 37D, whieh, at, the t,ime World War II ended, 
was expected to go into service use. 

Fuzes. Various nose fuzes were used in the course 
of development of the 3 .5-in. spinner, but all were 
relatively minor modifict'Ltions of the Army M48 
fuze, as is explained in detail in Rocket Fnzes. 1" 

This design of fuze was chosen because it Wt'LS found 
that the feature of optional delay or su.perqU?:ck 
detonation was very effective with the rocket. 
Tests showed that with the fuze set superquick, 
ground eraters were about 1 ft deep and 3 ft in 
diameter i with the fuze set delay, the rounds either 
ricocheted giving airbursts with a good fragment 
pattern 20 to 30 ft wide at low impact angles, or 
dug in at high impact angles malting craters 3 ft 
deep and 4ft in diameter in hard ground. It would 
also penetrate and detonate behind about 8 ft of 
sandbags, 3 ft of logs, in. of mild steel, or more 
than 1 ft of concrete at normal incidence. 

20.1.2 Designation and Types 

Only one model of 3 .5-in. spinner was standardized 
and recommended for service usc. It was the 3.5-in. 
Rocket Mk 5 Mod 0, designated by CIT m; the 3.5-
in./4 Model 24A. The /4 GPSR means 11approx­
imately 4-thousand-yards-range General Purpose 
Spinning Rocket," and the model number alone is t'L 
sufficient designation. It consists of the 3.25-in . 
Motor Mk 13 Mod 0 (CIT Model 6), the 3 .5-in. 
Head Mk 13 Mod 0 (CIT Model 12), and the 
Nose Fuze Mk 100 Mod 0 with Auxiliary Detonat­
ing Fuze Mk 44 Mod 2. For rounds with inert-filled 
heads, the practice was to use a model number 100 
greater than that of the explosive-loaded round, 
so that the standard round (inert) is designated 
Model124. 
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20.1.3 Launch ers 

Tl1c- origiuni.:->Cr\'icc la.unchcl' dcsittncd fur ~!:trine 
usc in plac" of the pa!'k howitzr•· \\'llS the l\lk 40 
~ 1vd 0 stunvn in Fi,brurc 2 . A v<"t'Y lu t'~C' vurluiy of 
guide ~h''l"'' was tried in "" cJYorl lo I(Ct otte which 
would bo ca~y lo mttuufat:turc' and ~iv<.' minimum 

.FWUtu: 2. 'two YiCW$ of ~lk 110 luunehct for 3.5-
in. spinner. 

tlibiJ<>"'iun. X o •ingle <lr,i~tn apJlCUI'Cd defiuitely 
>upcrior IQ all others, but that nf the .\lk .10, 3 ft 
long :nul l\tbulnr with three internal guide r:UL<. 
wru; as good ss any and was odoptcd "' <t~ndard for 
mo:;.t .:-;pinncr launchers. both 3.5·in. nntl 5.() .. in . 

A numbc•· of otlH·r laundJt'r" for vn>·ious purposes 
were lcst~d 1 including two \1nri(~li(•H of Jll t f~omntic 
lauut·ht)l': a light., s mooth bore, uluminum t ube 
launcbor for usc in jungle warfare• nnd ~nbotn.ge, and 
a clo:<rrl-brrceh lnunchcr for replacing tlw :37-mm 
gw1 ou the 1.\'T-A I armorc<lnmphibinn trntlor. 

•o.• 5.0·1'\. SPL'i-STABIUZED ROCKETS 

The lu•t ('IT rotkcts which snw lur~;e-scnle ;\ctiou 
in \V orld \\':u- li were ill<' ,';.Q.in, spinner<. The 
iuitiallt•<l or s nch u rocket wn• on Jnnu!\J'y 3, l9H. 
lts priu\:IJ'Y ptn·pn:<e '""" to r •·ovido Lhc PT boats 
with a hc:1vy, high-velocity w~apnn of sufficient 
UCt'lln\t)' (or US(' :l_g:~inst the ~u·mored ~H\tl armecl 
barges which the J;lpane.., wt·rc using for supplying 
their i'l:uul g:lrri<Oil.S. It wiU be rc<·alh'<l thM, late 
in 191:1, the Commander ::'\lotor Torpedo Boat 
:'quadron> hnd begun <'<Juipping his PT'< with 
laullcht'J"' fm· the .1.5-iJl. BH and ),ulluul good sue­
cc~~ wlth t1H"111 1 but. the rocket':\ comnnrfliively low 
n ' lv<·ily l\lld Iorge disper;,ion nuulr it fn r f•·om ideal. 

lt was hnprtl I ha l· n vclotily of :lt lNst t ,fiOO rps 
coultl lw IIC'h icvctl 'vilh a 20-lh paylcmrl. The first 
h:~b W{•rr made with a. 12-lb t'har~ot<' c·cm:-.ist ing o[ 
four tubni:\r graitL'i . 0\·eroll lenf!;th of the rocket 
"'"' :17.2 in. or approxiruttlely 7 A c·:>libcrs, stightl~· 
~IJorter r<:lutiv<•ly th:.n the 3.j-iu. jol.pimtrr whirh was 
t·ur,.,.nl nt the time. Its hc."l w:a. the front p;lrL of a 
a.O-iu. ,\I k I (5.0-in. AR head). Hounds were fired 
at ~pin v~locitit·s of approximately JOO, 200, and 300 
rps wit h \':ll'iOUl$ nose shape:\ and wright distribll­
tion~ . :tnd none woulcl fly stably lo Lh<• end of 
burniu~. 'The: variely of <;ombinnt ious tried was 
g•·ettl t•nou~h to make it reasonably c·t·rtain that a 
rocket or thJIL lc•ngth t·ould not be ~tabilizcd without 
a t"ou:-;idrrublc- inc rea...~ in ~pin vrlodty, and rounds 
with IOtl·fJl.~ ;pins burst at the cU<l of burning 
l~c:>u..c of the c-entrifugal for<~. One group of 
round• fil"('d with a reduced charge t.o given velocity 
of approximately I ,000 fps iustcnd of more than 
l .r;oo rps was just on the w rgt: of in:;tabitity, two 
out of tlii'C·H rounds Hyiug stably . 1L lh ns nppcnrcd 
t1mt it wns the. incr("a::>e in overturning moment. 
a••ociatc•d with the supersonic vultwity that was 
cau~ing the lronblc. 

..\n nttempt was I ben m.~dc to •lwrten the round 
and lighten it <ts mudt ns ~ible 'o that approx­
imately the :;ame velocity could I~ obtained with a 
.bort<:r nntllightcr grain. This rocket, wit.h a length 
of 5.7() cnlibers aud a veloc·ily or more thnu 1,500 
Ii>S flew pm·fectly nud gave, on it>J inil iul firing, n 
di>pcroion ut low <Juadrant angle of on ly 4 mils . At 
tUc same time <t !1 .2-in. crucHOI'lli g1·nin WM sub­
s tituted fo•· the mult.iplc-g•·ain chuJ·gc bcc·atJse of tll<' 
poor &llltic performance of the !alter. Subsequent 
test. >~howcd th(lt the length could he •omcwhat 
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increased, and 6 ~3 calibers was adopted. This rocket, 
with the addition of a Mk 100 fuze, a metal case 
igniter, and the necessary electrical contact system 
became the 5.0-in./10 GPSR Model 20 and ulti­
mately the 5.0-in. Rocket Mk 7 Mod 0. 

As soon as it had been shown that 5.0-in. spin­
stabilized rockets up to about 6:Y2 calibers would fly 
and indeed would give considerably better disper­
sions than were t>ttainable with fin-stabilized rock­
ets, applications for them multiplied rapidly. In 
particular, the Navy wns interested in a rocket 
which would supplement, the 4.5-in. barrage rocket 
and have a longer range, since offshore obstacles 
such as reefs sometimes kept the rocket-firing boats 
too far away from the beachhead to accomplish 
their purpose. (This was the case, for example, 
during part of the Saipan operation in June 1944.) 
A 5.0-in. spinner seemed to offer the best pos8ibility 
for this application, since ranges even up to 10,000 
yd were easily obtained and their shape made them 
easily adaptable to automatic launching. 

During the summer of 1944, various other models 
of 5.0-in. spinners appeared, having either the full 
10.1-lb propellant grain of the Model 20 (later des­
ignated the Mk 21 grain) or one half as heavy (the 
Mk22). Then in the.fall the Navy drew up plans for 
a rocket gunboat which was to utilize the full poten­
tialities of the spinners. The Bureau of Ordnance 
was to develop a continuously reloadable launcher 
(the Mk 102) With reinotely controlled adjustable 
elevation rmd train, and the gunboat, which was to 
use the LSM hull, was to be designed especially for 
mounting ten of these new launchers together with 
four mortars, one 5.0-in. gun, and various auto­
matic weapons. 

Also as part of the pbn, CIT began an integrated 
development program on barrage spinners which 
was to produce rockets with three different ranges-
5,000, 2,500, and 1,250 yd-all having the same 
weight (about 50 lb) and the same length so that 
they would all fit tbe same launchers and could be 
bandied and stored in the sttme manner. For each 
range, a variety of heads would be available: 

l. Common [Cn]. Semi-armor-piercing, with ex­
plosive D loading and a base fuze. 

2. Generalpnrpose [GP]. A moderately thick-wall 
shell (about Y2 in.) with TNT loading and nose fuze. 

3. High-capacity [HC]. A thin-wall shell (about 
?4 in.) with maximum TNT loading and nose fuze. 

4. Smoke [Sm]. A very light-wall shell (about Ys 

in. thick) with either WP or FS filling, a nose fuze, 
and a tetryl burster. 

5. Chem,ical warfare [CW]. Similar to the smoke 
head but designed for filling with chemical agents of 
lower density (1.43 or less). 

6. Pyrotechnic [Py]. A light-wall shell with time 
fuze and separating charge to eject an illuminating 
flare and parachute combination. 

This ambitious program was far from complete 
by the end of World War II because, in contrast to 
the case for finners, where the principal considera­
tion in fitting a motor to a head is the thread size, 
the necessit,y for keeping weight and length constant 
and still getting a maximum payload for each rocket 
meant that every new design was a completely new 
problem. Out of the total of eighteen possibilities, 
six were completed, and one, the 5.0-in./5 HCSR 
Model 34, was given a round Mark number (Mk 10 
Mod 0) and put into extensive service use. 

In October 1944, experiments in forward-firing 
spinners from aircraft were begun. As might have 
been expected, the very large wind forces to which a 
rocket launched in this manner is subjected before it 
reaches its maximum spin velocity made necessary 
still shorter rockets and higher spin velocities than 
had been satisfactory for ground firing. The devel­
opment of a satisfactory forward-firing round re­
quired a considerable amount of research, both 
experimental and theoretical and in particular in­
volving the solar yaw camera. More of the details 
of this research are given in F'iring of Rockets from 
Aircraft/ and in Field 'l'esting of Rockets.3 By the 
fall of 1945 when the problem was turned over to 
NOTS, Inyokern, the 5.0-in./14 GASR Model39A, 
having a 19-lb payload and a velocity of 1,330 fps, 
had been developed to the point where its accuracy 
was as good as the best fin-stabilized aircraft rocket 
and the general problems of aircraft spinner bal­
listics were fairly well understood. 

20.2.1 Spinner Designations 

The number of 5.0-.in. spinner combinations 
which existed, at least on paper, was more than 
thirty, and it would serve no useful purpose to list 
them all. Each combination was distinguished by a 
round model number, but to make the terminology 
more descriptive it became customary to include in 
tbe designation the general type of the round, using 
the abbreviations given for the six types listed in 
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t he preceding scct.ion , a nd the <tpproximat.o mnge 
in thousands of yanls for grou11d firing ;tt '15 de­
degrees QK Thus " 5.0-in ./10 GI'SH :Model 20" 
sigltifies th11t the round has a "gen<'ral purpose" 
bead ;H\d ;i l'ange of app1·oximately 10,000 ~·cl. Actu­
ally it.~ range tun•cd out to be greater than cxp,\cl<:d, 
10,880 yd, but t.h., designation was not chrmged . 
T b.e exception to the gene,·al ,·ulc is the 5.0-in./ 14 
C:ASR i\-lodel 3!) (general I""'P""e aircraft rocket) . 
where the J.t signifies approximate vclotity in 
hundreds of feet per second , sinc:<J t.he round is loo 
•table to follow a •to-degnle grotUJd-fitcd t.a·ajcctor". 
The t.womodelsof 5.0-in . Hocket :Ilk 7 were formerly 
Cllllc<l hiyh· IJdocit.y spin-stnbilized rockets [HVSRJ. 

5 .0-in. Rocket;; l\'fl< 7 [ HVSR] 

In discus."iing t.hc desig1l of the various spinnel's, 
it "~ll be convenient to tal< c. first the 5.0-in. l{oc·kc\~ 
Mk 7 :Hods 0 a nd I, t-he two high-velocit.y spinners 
for PT boat-s, ;tnclla tet to point 011t the changes 

5.0-i n. Roc:kt)!. }fk 7 :'11otl I (f> .O-in./H CnSlt 
:Model 32); 
Head ~\·fk 8 ~\>fod 0 ( i\fodcl ao) wit h '\fk ;11 ba•c 
fut.t~; 
,>Jotor >VI k :3 .\fod 0 (>VIodcl \1) . 

Grain . 'fl"' Mk 2 1 Mod 0 grain ha• :\ length of 
1G.2 in. ancl weighs 10.1 lb. It is inhibited with 
f<.nJI' SJ4-in. long inhibitor st.r i 1 >~. Thc."iC wen~ orig­
in;,lly !>lil<:etl t.wo a-t the tear on opposite a rms of 
the cruciform grain and two :\t the front on the 
o1ll<"'r ::nms. St.aWe test.s ~hmn~d no c ·hangt~ in p<•r­
fonn:mce when other patterns all fom strips :tt 
the front., c~cntm·, -.l:>r l'C<l r; Ol' right- ::1.ncl left-hand 
spiral patl(~nLti:-WHre w~cd, but high-temperature 
field firi lli;'S with pnttcms having no stl'ips "t t he 
rear (i..: .. a ll fou r strips at Lhc ccnt.cr or the front) 
showed n considembly increased tendency for 
motnr hurst..~ . Sinf:c spiral patterns were no hct.tc•r) 
the original p:lltem WtlS made standm·d because i t 
W!IS somewht\t simple1·. Hoth ends of t he grain !\l'C 

<1 lso inhihi(,t,!d, of t:Ours.c~ . 

l. r·u.1.c ( 1>11-: 100} 
2. lle::td ( MS: 1) 
8. f'ille1· (_TNT) 
4. l•'mnl :«':d 

i 0. ft_,M· :~-cal ( obl$<11\'(c dc~i:;l'•) 

I 1. ec,nin¢t rins; 

(), J'•'OJH;ll~nt (~fk :lll 
6. :&uuon ~tid 
';. Nty.t1.II"Tin~ 

8. hmltd' leada 
~. ~ur.zle 

12:. li)€UIAUng bushiU}:' 
t;t )Jot.o:u· tube 
J<J. lgnlt~l:' ()i.k l1) 
l5. F'~l t wa:~her 

I G. l<m:c lin('r (:(lnht in in g )ik 44 "Mod 2 
t~uxllltu•)· d«onu.tlnK lU"t~ 

17. l•'ur..elincr-ring 

wbich were ncccssaJ·y t o adnpt the basic design to 
the otlw.r models. The t"·o rocket$ have the fol­
lowing components: 

Jguiter. As in the Ctt~e of the 3 .5-iu. spinner, 
some d.iffict•lty was experienced wit h the closely 
C0!1fined ign.iters. Tbe 55-g M k 14 (HVAH) igniter, 
for example, fr<~ctured the ~rain badly in parthll 
burn ing t.csts at - I 0 F . A :$m<tllcr fithH}~vri n1fH!d 
metal igniter, on tbe ot-her hand, performed sntis­
fuctorily with " •ninilnnm of free space a t the fron1 
eud of Lhe motor. The igniter adopted, Mk 17 

5.0-in. no.,kec illk 7 ~1011 0 (5 .0-in ./10 Gl'S it 
.Model 20); 
H enri ) •fk 7 ~\>fod 0 (l\•fodclS) wi Lh .M k 100 nose 
fuze; 
_Vlotor .\•t k 3 ~'lod 0 (Model 4) . 
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Mod 0, is the same one used in the 3.5-in. spinner b 

and is held in a hole in the center of a l-in. thick felt 
ring, the hole being eccentric so that the igniter 
leads can come out of the case into the space be­
tween two arms of the gntin. 

Motor T·ube. On the basis of experience with the 
3 .5-in. spinner that best accuracy was obtained with 
two points of contact with the launcher, two bour­
relets were machined on the motor tube. The NE 
8735 HV AR tubing was used, which ran consider­
ably over its nominal :ti6-in. wall thickness. rro 
lighten it, as well as to reduce variations in wall 
thickness whieh might introduee dynamie unbal­
ance, the tubing was machined to 4.937 ± 0.005-in .. 
outside diameter exeept near the ends where the 
bourrelets were left 4.970 + 0.000 - 0.010 in. 

Nozzle Plate. The nozzle end design is shown in 
Figure 4. A height of Ys in. for the button grid was 

FIGURE 4. Details of nozzle end of 5.0-in. spinner 
motors with cruciform grain. 

chosen on the basis of static tests as the shortest 
that gave no change in the pressure-time curves. 
Eight nozzles were chosen because this number gave 
a convenient size for machining and gave nn expan­
sion ratio of 4 with somewhat less length thttn six 
nozzles. The choice of 12-degree cant angle was 

b The Mark number is different because of the different lead 
length. 

relatively arbitrary and a somewhat larger angle 
might have been preferable for the fiat trajectories 
in which the rocket is used, but the choiec was 
made to give stable flight at 50 degrees QE. The 
electrical contact system is virtually identical with 
that of the 3.5-in. spinner. rrhe V-shaped groove 
just ahead of the contact ring accommodates a 
spring latch to hold the round in place in launchers 
such as the trailer-mounted Type 44 or the Type 
49B PT -boat launcher (see Figure 8). 

At the request of the Bureau of Ordnance, the 
skirt on the nozzle ring was for a time made con­
siderably thicker than is shown in Figure 4 (0.273 
in. instead of 0.093 in.) because it was felt that the 
thin skirt would not stand the forces to which the 
continuously reloadable Mk 102 launcher would 
subject it. It was later found that such was not the 
case, and the thin nozzle rings again became 
standard. 

Heads. The "general purpose" head Mk 7 (see 
Figure 7) was made by cutting off the rear 9.75 in. 
of the Mk 1 head, welding in a ~-in. thick steel 
plate as the base closure, and threading. It was 
intended to weigh 20.0 lb with the Mk 149 nose 
fuze, having been originally designed for the high­
velocity wircraft rocket [HVAR] but never used with 
it except for experimental tests. With the nose fuze 
Mk 100 Mod 0 and the auxiliary detonating fuze 
Mk 44 Mod 2, the head weight is almost 1 lb less. 
Against unarmored or lightly Hrrnored targets, this 
head works very well. For example, in impact t'l,t 
45-degree obliquity with %-in. STS armor, fuze set 
superquick, it tears a hole 2ft in diameter. With the 
fuze set delay, high~order detonation after pene­
tration of 72-in. mild steel plate was observed at 
0-degree and 30-degree obliquity. Its more rugged 
construction was the principal factor in the choice 
of the Mk 100 fuze over the T-28, which would not 
stand impact with 72-in. plate. 

The alternate Mk 8 head was designed for use 
against somewhat heavier armor. It uses a standard 
Mk 31 projectile base fuze. Having no hole in the 
nose and being made from heat-treated NE 8744 
steel, it functions properly against l-in. STS armor 
at up to 45-degree obliquity. On heavier plate or at 
higher obliquities, the head broke up but the fuze 
functioned. The veloeity of the rocket is great 
enough that it will punch out a disk from 1,72-in. 
STS even though the head deforms badly and 
breaks. It is thus clear that a still more rugged 
head is justified and highly desirable for this rocket. 
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20.2.3 High-Capacity Spinners [HCSR] 

The uhigh-capaeity" series was the only one of 
the six proposed series of 5.0-in. barrage spinners 
whieh CIT eompleted. Its members are 

5.0-in./5 HCSR Model34 (5.0-in. Rocket Mk JO 
ModO); . 
Motor Mk 4 Mod 0 or Mod 2 (Model 6); 
Head Mk 10 Mod 0 (Model 38); 
Grain Mk 22, 5.6 lb, 9.1 in. long. 

5.0-in./2 HCSR Model51A; 
Motor Mk 5 Mod 2 (Model 51 A); 
Head Mk 12 Mod 5 (Model .51); 
Grain Mk 24, :3.88lb, ().:3 in. long. 

5.0-in./1 HCSH Moclel50D; 
Motor Mk 6 Mod 2 (Model .50B) j 
Head Mk 13 Mod 0 (Model 50B); 
Grain Mk 25, 3.1 lb, 5.0 in. long. 

The motors vary in length to fit the powder grain 
and accommodate as large as possible a payload, 
keeping the overall length 32.2 in. for all three, but 
otherwise their design is identical with that of the 
:.vik 3 except in the following particulars. 

Grids. For the 5.0-in./5 the same J-8-in. high 
button was used, but for the two shorter ones the 
internal K is so extremely small that a %-in. high 
button was found to work equally well. 

Nozzle Plates. A cant angle of 12 gave 
optimum high-angle flight for all three models. 
Eight nozzles were used in the 5.0-in./5, but with 
the very small propellt'Lnt weights of the other two, 
four nozzles were sufficient ~tncl, of course, cheaper. 
As originally designed, the 5.0-in./5 was stable up 
to 65 degrees QE, the 5.0-in./2 up to 60 deeTees. 
and the 5.0-in./1 only a little above 50 degrees. It 
was found thnt the addition of n J..:Yf-lb weight to 
the nozzle plate, held in place by a longer stem on 
the grid button, increased the limit for the latter up 
to about 57 degrees. 

Igniters. All three use the 30-g false-crimp metal 
case igniters, the designations being Mk 20 or Mk 18 
according to the length of the wires. 

II eads. The three heads are identical except for 
length, being nul-de in three elosure, 
body, and fuze adapter-and silver-soldered to­
gether. To insure that the head does not extend 
radially beyond tho bourrelets and strike the 
launcher guides, the body walls are made thicker 
than desired (4.95 in. OD) and machined to 4.89 in. 
OD after silver-soldering so that the exterior surface 
is concentric with the rear threads. The Mk 30 

Mod 3 nose fuze was chosen. for the HCSR series. 
Also designed but not tested by the end of W oriel 

War II was the 5.0-in./10 HCSR.. By using a 
cylindrical gra.in with a higher loading density than 
the cruciform, the propellant weight could be in­
creased to 9.8lb and thus give ~1pproximately 10,000-
yd maximum range to a payload about two-thirds 
that of the 5,000-yd rocket. 

20.2.4 Smoke Spinners [SmSR] and 
Chemical Spinners [ CWSR] 

Of the SmSH and CWSR series, only the 5 ,000-yd 
models were completed. They are 

.5.0-in./5 SrnSR Model41A; 
Motor Mk 4 Mod 0 (Model 6); 
Head Model 54A; 
Grain Mk 22, 6.6-lb cruciform. 

5.0-in./5 CWSR Model fll; 
Motor Model 61; 
Head Model 61; 
Grain 4.9-lb cylindrienl three-ridge. 

The former has the same motor as the 5.0-in./5 
HCSR. The latter motor is designed after that of 
the 5.0-in./1-! GASR lv1odol :39, a.nd the greater 
compactness of the tubular grain allows an increase 
in volume of the head filler by about 15 per cent 
over the former. 

Head designs are similar to that of the HCSR 
heads except for the thinner wall and the addition of 
a tetryl burster extending almost the full length of 
the head. To keep the centrifugal force from dis­
placing the long slender burster tube, it is supported 
at the rear by a spider and at the front by the fuze 
adapter. 

20.2.5 Pyrotechnic Spinners [PySR] 

Three PySR's were designed for three different 
ill uminat.ing flares, two b a ving approximately 5,000-
ycl range and one approximately 4,000. The latter 
used the Mk 4 motor. None of them were tested 
thoroughly, but they appeared relatively satis­
factory in preliminary trials. The 5.0-in./4 PySR 
Model 40 is described in Ballistic Data. 1 The CTSR 
time fuze was developed for them. 1 

20.2.6 Aircraft Spinners 

Experiments in forward-firing spinners from air­
craft began in the fall of 1944 using the 5.0-in./10 
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GPSR, having a spin velocity of 250 rps and an 
overall length of 6.3 calibers. The results were 
highly unsatisfactory, the dispersion being very 
large because the rounds were unstable in flight. On 
impact they did not penetrate the ground, but 
flopped about, spinning rapidly, and in a few cases 
reaching a vertical position, nose down, spinning 
like a top. A record of the yaw in a plane per­
pendicular to the sun's rays, obtained by a solar 
yaw camera in the head of one of the rockets, is 
given in Pigure 5, where it is apparent that the 
nutation amplitude built up to a very large value. 
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FIGURE 5. Yaw of 5.0-in./10 GPSR fol·ward-fired 
from aircraft (taken from yaw camera record). 
Because of too g-reat length, the rocket is unstable. 

The first successful forward firing was done with a 
"hybrid" round consisting of the Mk 4 motor from 
the 5.0-in./5 HCSR and the Mk 7 head from the 
5.0-in./10 GPSR. The shorter motor gave a spin of 
only about 150 rps, but the reduction of the length 
to 5.4 calibers made the round so much more stable 
in spite of it thttt the dispersion immediately 
dropped to about 8 mils and the yaw camera records 
began to look like that in Figure 6. 

As a result of this success, a program of research 
on propellant grains was undertaken in an effort to 

increase the velocity of this round as much ns 
possible. By eliminating the space both at the front 
and the rear of the grain to an absolute minimum, 
it was found possible to use a 10.1-in. length of 
4.25 x 1.25-in. three-ridge tubular ballistite, weigh­
ing almost 7.9 lb. With this gmin and a change in 
nozzle eant angle from 12 degrees to 16 degrees, the 
"hybrid" round became the 5.0-in./14 GASR 
Model 39A, shown disassembled in Figure 7. The 
only ehange in the mot,or was to remove the button 
grid and substitute in its place a ring grid, visible 
in the phot,ograph, which seats in slots on the front 
face of the nozzle ring. 

It wns found that stitbility and dispersion were 
considerably better at higher spins, and the Model 
39A has a maximum spin velocity of 310 rps. The 
large eentrifugal forces which such spin veloeities 
generate makes the propellant problem a difficult 
one, especially at low temperatures where the 
powder becomes brittle. The Model 39A is not 
eonsidered safe below about 40 F. To remedy this 
difficulty, nnd also to increase the velocity still 
fm·ther if possible in. the hope of making the GASR 
into ttn effective air-to-ai1· weapon, research with 
internal-burning grains . which fit snugly into the 
motor tube was begun by CIT and has been con­
tinued by NOTS, Inyokern. 

20.2.7 Launchers and Service Use 

The most important launchers developed for the 
5.0-in. spinners, outside of BuOrd's Mk 102, with 
its capaeity of 30 rockets per minute continuously, 
are the CIT Type 49B PT-boat launeher (Mk 50) 
and the CIT Type 52 automatic launcher (Mk 51), 
shown in Figures 8 and 9. 

The Mk 50 buneher comes in two varieties: 
Mod 0 for starboarcl and Mod 1 for port. The units 
are mounted on the bow of the boat by means of [t 

pedestal (not shown in the picture). They can be 
swung inboard for loading and outboard to allow 
the blast to clear the deck during firing. The eleva­
tion is adjustable, but the train is determined by 
aiming the boat itself. The rounds are fired in pairs. 
Several hundred launehers were built by CIT and 
BuOrd, and it is reported that they proved to be 
effective, but no detailed reports of specific actions 
have been rnade available. 

The Mk 51 automatic is very similar to the Mk 7 
automatic for the 4.5-in. BR, is intended for the 
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f'ICl·R•: G. Actual yaw tamera record of "hybrid'' CASR forward-fired from aircraft. Increased stabilit)' 
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FICI!RE 7. Components of 5.0-in./14 GASR Model 39. Grid (third from left) fits in slot• in nontc ring 
(left). 
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FIRI NG CABLE 

POWER -IN 

JUNCTION BOX 

CONTACT POINTS 

WATER TIGH T TERMINA L CO NTA CT BOX CONTAC T WIRES 

CONTACT W IRE "'-- - - - ----- CONTACT SUPPORT BLOCK 

FIGoKe 8. Launcher l\Ik 50 ·Mod 0 for PT boats, showing 5.0·in./ 9 CnSR in plaee. 
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same ptn·pose, and has the same universal appli­
cability. They were' used in the 'Pacific on four of a 
flotilla of twelve "interim LSM(R)'s," so-c,\Jletl 
becrtusc' t.hey were huilt to fill in un til the "ultimate 
LSM(ll)'s" with \.heir len 1\'(k 102 laundters and 
other antom:ttic weapons could be put into action . 

Fl<iURf: 9. Mk 51 aut()matic launcher \\'ith full 
lood of 5.0-in./ 5 HCSR. 

Each ship c:arried 85 autOJMtics, making its total 
firepower more t.haJt a t.housand ,-ounds 1viUwut r()­
loadiug. The other eight ships were equipped with 
rail launchers for the 5.0-in. AR because t.he pro­
duction of spinners was not yet grel\t enough to 
supply the contemplated vct·y large-scale use of 
r·ockcts. The flotilln went into action on Nfarch 26, 
1945, and continued in operation t ht·ough June 15. 
The Okinawa operations probably represented t he 
most ,·nr·icd and extensive use of rocket gunbcmt-s 
during World War IT, and th<J spinncr·s CatTied their 
full share of the load. In additio11 to homb,u·ding 
the beaei~<J• themselves, the rockets were used tc> 
neutralize towns, knock Ollt roads and railways, and 
fire nwn.y a.t whatever t.argcts the aircraft. <'•hwrva­
tion spotters assign<\d to t.hem. The troop command 
to which the four uspittner" ships wt~re assigned re­
ported that t.lrc cft'ectivcncss of t he rocke~ fire Wl\S 

excellent at fl ll times. 
One ot.hcr usc of spinners deserves to be chrc)n­

icled, lllthough its effect <>n the outcome of World 
IV:n· H is har·dly measm·able. One submarine com­
mitndc~r attadwl tho bnse plate of a Mk 51 launcher 
permanently to the topside of his cmft and stored 
a launche•· ;md "supply of rockets below. When 
the submarine surfaced at. an appropriate dist,ance 
from t.hc target, the launcher was brought out,, 
attached to the deck frame, and loaded- the whole 
process taking about. three minutes. In three dif­
ferent at.tacks, this submarine fired a toh1l of 72 
rockets in shore bombardment, of the island of 
Honshu , report.ing thltt all tbe l'Ounds fell within th<J 
!ftrget ,u-ea. Though it mlty not have helped much, 
it sul'cly was fun . 
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PART V 

ROCKET ORDNANCE: 
THEORY, PRINCIPLES, AND DESIGN 

By E. B. Bra(Uord 

T HE INTRODUCTION by C. W. Snyder to Pnrt IV 
applies equally to Part V. In Part IV he has 

reviewed solid-fuel roekets, their eomponents and 
their launehers, primarily from the point of view 
of their employment as weapons, with special em­
pha8is on praetiee as exemplified in the rockets 
developed during World War II at the California 
Institute of Teehnology. The basic prineiples of 
roeket propulsion and the war-end status of the 
theory and practice eovering rocket propellants and 
interior ballisties have been ably reviewed by B. H. 
Sage, H.. E. Gibson, and F. T. McClure in Pttrts II 
and III. 

Iri Part V Snyder explains in greater detail the 
prineiples underlying the design of roekets for effi­
e.ient pei·forrnance in flight. He reviews rocket bal-

lis ties rather thoroughly, covers its applieation to 
the design of roeket propellant eharges and roeket 
motors, and surveys the applications to fin stabiliza­
tion and spin stabilization. These ehapter8 provide 
physical explanations for the rocket behavior and 
limitations cited in Part IV. 

The general eonelusions arc, of course, all deriv­
able from physical principles long known, but their 
applieations to rockets, with precision enough to 
make possible the rapid and substantial improve­
ments in performance, had to await the data, much 
of it obtained by especially devised instrumentation 
made available from the extensive programs of 
rocket design and testing during World War II. 

The emphasis in Part V is teehnical rather than 
military. 

209 
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Chapter 21 

GENERAL THEORY OF ROCKET PERFORMANCE 

By C. W. Snyder 

2 u THE MECHANISM OF PROPULSION 

THE THRUST FORCE which propels a roeket is the 
reaction to tho high-velocity rearward fiO\v of 

propellant gas u. out through one or more nozzles. 

'l'ABLE 1. Ballistic quantit.ir~s for fiu-stabili7,;ed Nckt~t~. 

8 """ angle between the horizontal and the tangent to the 
trajectory at any time. 

Oo "" quadrant angle of elevation; angle of the launcher 
above the horizontal; (degrees, radians, or mils). 

u """ yaw oscillation distance; distance rocket travels while 
executing one complete oseillation cycle in its yaw; (ft). 

AN so cross-sectional area of nozzle throat (sq in.). 
Cn <= aerodynamic drag coefficient; see footnote i. 
CN ;;;;;; nozzle coefficient; ratio of thrust to product of nozzle 

pressure and nozde throat area; (dimensionless). 
c decele1·ation coefficient; defined by equation (16); 

(ft-1). 
d,, burning distance; distance measured along trajectory 

through which .rocket moves whik burning; (ft). 
P thrust; force exerted on the rocket by the act.ion of the 

jet at any time; (lb). 
G acceleration of the toeket; (in units o[ (1). 
{! acceleration of gravity; approximately 32.2 ft/sec". 

"V projectile mass; mass of the rocket without propellant; 
(slugs); the weight Win lb is more often used. 

m == instantaneous propellant mass; mass of propellant grain 
at any time during bmning; (slugs). 

mo "'= initial propellant mass; mass of propellant grain before 
burning; (slugs); the weight w. in Jb is mmc often used. 

P"" pressure in motor chamber (assuming no pressm·e 
gradient); (psi). 

PN == nozzle pressm·c; pressure in motor chamb<'r measured 
just to the rear of the nozzle end of the grain ahead of 
the nozzle itself; (psi). 

l == time (seconds). 
t""" burning time; see footnoted; (seconds). 
V "= velocity of the rocket at any time; (fps). 

ll, ""' corrected velocity of the rocket (sometimes called 
"initial velocity"); velocity at the end of bmning 
assuming r10 l:,Tavity drop and no air drag; (fps). 

V~> bmnt velocity; actual vcloeity of the rocket at the cud 
of bm·ning; (fps). 

Yu effective gas velocity relative to the nozzle; defined by 
equation (4) or (6); (fps). 

W "'= ptOjeetilc weight; weight of the rocket without pro­
pellant; (lb). 

teo propellant weight; weight of the grain before burning; 
(lb). 

X horizontal range assuming impact point and firing point 
___ a.t the same elevation; (ft) •.. 

a In accordance with the established practice of 1·ocketeers, 
we shall, for btevity, refer to the product of combustion of the 
propellant as "the gas," even though it is a complex mixture of 
many different gases. 

The function of the propellant is to generate gas to 
maintain high pressure and rapid discharge over a 
period of time (the "burning timc"-Q.3 to 3 sec­
onds for the rockets of interest here). 

21.1.1 Momentum-Impulse· Thrust 
Relations 

In accordance 1\ith Newton's laws of motion, the 
forward momentum of the rocket increa.ses during 
any time intervn.l by an amount equal in magnit.udc 
to the backward momentum imparted to the gas 
ejected. Using the notation of Table 1, this fact is 
expressed as follows. In an infinitesimal interval dt 
powder of mass dm is burned and, as gas, flows out 
the nozzle with an average effective velocity Vv 
relative to the nozzle. It is assumed that v~ is 
the same for all mf:Lsses of gas. H.elative to the 
earth the gas has velocity V - V 0 and hence 
momentum (V- Vq)dm. The rocket's momentum 
at any time is (.Af + m)V, and its change during 
the interval considered is 

d 
dt[(lvi + m)Vldt = (M + m)dV 

Hence we have 

(J11 1n)dV + Fdm = (V 

clV 
Yu. 

Vdm. (l) 

Vu)dm; (2) 

(3) 

By integrating (3) over the burning period, dur­
ing which m changes from m 0 to 0 and V from 0 to 
Vo, we have 

(4) 

A accurate but more frequently used expres-
sion is obtained by considering that the average 
mass of the rocket during burning is M + Yzmo and 
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setting equal the total momenta acquired by the 
rocket and the gas. Thus 

(5) 

or 

"Vo v: = 
1no (6) 

Note that in either equation (4) or (6) only the 
nttios of masses and velocities are involved, so that 
any convenient units may be used. Equation (6) 

is the basic equation of rocket external ballistics. 
If V 1, is assumed to be known, it enables us to pre­
dict the velocity which, in the nbsence of gravity 
and air resistance, will be imparted to a rocket of 
given weight by a given Hmount of propellant. 
Actually, it is a definition of the "effective gas 
velocity" V 0 , and is used to calculate that quantity 
from velocities of rockets measured in field firing. 
As we shall see, the value of Vu depends upon the 
propellant used, the design of the rocket, and the 
initial temperature of the propellant. For ballistite 
it is never far from 7,000 fps, rmd more accurate 
guesses can be ma,de from experience with similar 
rockets, so that equation (6) ctm be used to predict 
to within perhaps 5 per cent the veloeity attainable 
with a rocket of proposed design. The actual veloc­
ity of the rocket at the end of burning, denoted by 
Vb, will differ somewhat from Vo because of the 
effects of air drag and gravity. 

It should be noted that equation (6) is exact only 
if the ratio of propellant weight to rocket weight is 
very sma1l. The error is 0.6 per cent or for all 
rockets now in service, b but it becomes increasingly 
less accurate as the relative weight of the propellant 
is increased and must be rephwed by equation {4). 
Thus, for a rocket consisting of 63 per cent propel­
lant a.nd 37 per cent metal parts, equation (4) 
gives Vo "V 0 (so that the last bit of gas expelled 
before burning ceased emerges 'With zero velocity 
relative to thE~ earth) whereas equation (6) gives 
Vo almost 8 per cent too low. 

Another method of evaluating V u is to hold the 
rocket stationary and measure the force it exerts on 
its supports. The relation is obtained from another 
of Newton's hiws which states that the force exerted 
on the gas (and henee its reaction on the rocket) is 

L Even for the 5.0-in. Rocket CIT Model 38, the "White 
\Vl:Jizzer" (sec Section 19.4.2), in which the propellant is a 
highel' percentage of total weight than in any service rocket, 
the error is Ollly 1.0 pel' cent. 

given by the rate of chango of its momentum. The 
mass of gas outside the rocket i:s mo - m and its 
momentum is (mo- m)V0 at any instant. Hence 

F. 
d 

·d-:-[(rno - rn) Vu] t 

By integration over the burning time we obtain 

;:

tb ;: tb 
Va = 

1 Fdt = JL Fdt. 
mo Wo 

0 

(7) 

(8) 

In "static firingn the thrust is measured as a func­
tion of time and the "integrated thrust" or "im­
pulse'' fFdt is calculated from the record. The 
specific impulse cor impulse delivered per pound of 
propellant burned, is (1/w0)fFdt. Like V 0 , this is a 
measure of the effieiency of the rocket motor. It 
is obviously desirable to have both as high as 
possible. 

21
·
1

·
2 Burning Timed and Acceleration 

The principal differences between the external 
ballistics of rockets and of other artillery result from 
the disparity in the times of acceleration. A rifle 
shell is accelerated only while it is in the bore, a 
time of the order of 0,01 second, whereas a rocket is 
t=tceelerated as long as the propellant burns-roughly 
1 second. As a result, the forces exerted on a, shell 
during firing are roughly a hundred times greater 
than those experienced by rockets. Force being pro­
portional to acceleration, the accelen!.tion of a 
rocket is an important ballistic quantity. Its aver­
age value is determined approximately from the 
time of acceleration (customarily called "burning 
time," tb) by the rdation:" 

(9) 

• Specific impulse is customarily given in pound-seconds per 
pound. Effective gas velocit~;r, thought of as efficiency, has 
dimensions pounda.l-seconds per pound, which is equivalent to 
velocity. 

u. Since the burning does not stop abruptly, it i:s ,necessary 
to adopt an arbitrary definition of the burning time in terms of 
the shape of the prelSsm·e-time curve. Various definitions have 
been used for various purposes, but we shall not be concerned 
in this book with the di:fference!S among them. 

"Actually V b rather than V, should be used in equation (9) 
(see Section 21.1.1), but the relation is useful only for order 
of magnitude anyhow. 
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the result being given in units of g, the acceleration 
of gravity. For the type:::; of rockets designed by 
Cl T, the upper limit of permissible acceleration 
(set by propellant strength) has been found to be 
roughly lOOg. The burning time thus cannot in 
general be less than approximately 0.3 second per 
1 ,000 fps of velocity. 

Again assuming the acceleration to he a constant, 
we can calculate the "burning llistance" to u.n 
aceuraey sufficient for almost all purpose:::; from the 
simple relation: 

(10) 

21.1.3 Relation of Pressure to Thrust 

If we inquire into the origin of the thrust F in 
equation (8), we enter the realm of interior ballistics. 
The burning of the propellant produces a large 
quantity of hot gases inside the motor chamber at 
an equilibrium pressure which will be denoted tem­
porarily by P. Since this pressure pushes equally 
in all directions ngainst the walls of the chamber, 
it would produce no rccmltant force except fm· the 
fnet that, on the area AN of the nozzle throat, it 
finds nothing to push against to balance the force 
on an equal area at the front end of the motor. 
The resultant force on the rocket is thus given as 

(11) 

This formula requires correction because of two 
phenomena which were not eonsidered in the fore­
going simple discussion. First, because of the 
impedance to the gas flow from the front to the 
rear of the motor chamber, a pressure gradient 
exists, a.nd a more exact analysis will show that it 
is the nozzle end pressure PN whieh must be used 
in the formula. Second, there is an additional force 
on the rocket most of which comes from the for­
ward component of the pressure of the expanding 
gases in the nozzle exit cone. A quantitative ex­
planation of this additional force involves thermo­
dynamical considerations and is relatively com­
plicated. For practical purposes, its effect is taken 
care of by introducing into eqilation (11) a propor­
tionality factor CN, the "nozzle COefficient" 01' 

"thrust coefficient," which is a, function of the 
nozzle shape and the pressure. The value of the 
coefficient is known from the theory of supersonic 
jets and from experimental data and is plotted in 

Figure 1 as n, function of the "expansion ratio," 
i.e., the ratio of nozzle exit area to throat area. 

With these tw-o corrections, equation (11) becomes 

(12) 

We enn now eliminate F between (8) and (12), 
obtaining (when V 0) 

(Ul) 

(see footnote c) which gives us still another relation 
for determining the effeetive gas velocity. By 
means of a 11statie-firing" apparatus/ a record of the 
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FIGURE 1. Theoretical values of nozzle coefficient. 

nozzle end pressure as a function of time can be 
obtained. Measuring the area under the eurve with 
a planimeter gives the value of the prestmre-time 
integral, and the effective gas velocity can be eal­
culatecl by equation (13) if the nozzle coefficient is 
assumed known. Alternatively, if one measures 
both pressure and thrust (as is usually done), an 
experimental value of the nozzle coefficient can be 
obtained by eliminating Y n between (8) and (13): 

C• 
y 

JFdt 
.A_~JE~~;u 

(14) 

A typical pressure-time curve w-ith the calculations 
on it is shown in Figure 2. 

It was mentioned previously that the effective 
gas velocity is a measure of tlH: efficiency of the 
rocket. Equation (13) shows that it is connected 
with interior ballistic constants through the factor 

c Reports and equipment refiecting the static-firing ex­
perience of CIT are available at the Naval Ordnanee Test 
Station, Inyokern, California. 
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C N which depends primarily on the nozzle shape so 
that, for evaluating the efficiency of a rocket propel­
lant charge, a quantity more meaningful for interior 
ballistics is the ratio of effective gas velocity to 
nozzle coefficient. 
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FIGURE 2. Typical pressure-time curve for ASR 
motor. 

Area. under curve = i8.02 aq in. (on the scale of the original record where 
the squares are 1 in.). 

Conversion f11ctor: 1 sq in. = 500 X 0.05 = 25 lb-sec per sq in. 
JPNdt = 18.02 X 25 = 450.5 "'"450 (llince the record is not accurate to 

better than 1 per cent). 
Nozzle dimensions: Throat diameter = 0.781 in. 

- Throat are« AN = 0.470 sq in. 
Exit diameter = 1.75 in. 

. . (1.75 )' -ExpansiOn ratw ~ 0.
781 

= .,,o. 

From Figure 1, for expansion ratio 5.0, pressUl'e 1,500 psi, CN 1.50. 
Propellant weight wo = 1.50 lb. 

From equat.ion (13):E£fectivegasvelocit.y v, = ~ANCNJPNdt 

X 0.470 X 1.5 X 4•)0 

6,940 fps. 

Impulse = CN"'lNJPNdl = 1.5 X 0.479 X 450 = 32·! lb-sec, 

Metal parts weight Jf = 01, lb. 

From equation (ti): 

C .. d 1 . . l' - 'V -'-"'- - () "40 1.50 - 168 • ' . orrecte ve ocJ.t~ o - , M + ~mo - •" 61.75 - .;; ,pij, 

lli.J..-J. Effect of Propellant Temperature 

No mention of the variation of ballistic constants 
with temperature has yet been made. These varia­
tions are discussed in detail in Chapter 22. Like 
most other chemical reactions, the rate of burning 
of the propellant is faster at higher temperatures, 
and hence the burning time is shorter and the 
equilibrium pressure higher. Because less of the 
heat energy of the propellant is required for warm­
ing the rocket and more is nvailable for pushing it, 

the effective gas velocity increases with increasing 
temperature over most of the temperature range. 
In some rockets, other factors enter at very high 
temperatures to reduce Va again. In case tempera­
ture gradients exist within the rocl<:et, the tem­
perature of the surface of the propellant grain 
appears to be the ·controlling one.1 

21.2 THE RANGE OF ROCKETS 

21.2.1 Range in Vacuum 

In the absence of air resistn,nce, the range of a 
projectile in free flight is given by the well-known 
expression: 

X = Vo2 sin 2Bo• 
g ' 

(15) 

where 80 is the "quadrant elevation," the angle of 
projection measured upward from the horizontal. 
In this simple form, the expression gives the hori­
zontal distance between two points on the trajectory 
at the same elevation. Thus for a rocket, if we use 
V~> instead of V0 and the actual angle of the trajec­
tory at the end of burning instead of Bo, it gives the 
horizontal distance between the end of burnin.g and 
the point on the downward trajectory at the same 
height. The total range is obviously greater than 
this by approximately twice the horizontal com­
ponent of the burning distance. The correct expres­
sion is complicated becnuse of the effects of tip-off 
at the launcher and because of gravity drop during 
burning. (See Chapter 2L!.) 

21.2.2 Range in Air; Effect of Drag 

For any but the very slowest rockets, the actual 
range is considerably less than the vacuum range 
because of the resistance of the air. The discrepancy 
is only about 3.5 per cent for the antisubmarine 
rocket,!! but more than 45 per cent for the .5.0-in. 
HVAR.h The effect of air resistance is most easily 

• We shall use the tenn ant-isubrna.rine rocket [ASR] fot a 
group of rockets which are frequently called "Mousetrap 
ammunition." Although differing slightly in details, all these 
rockets were designated 7.2-in. Rocket Mk 1 Mod 0 in the 
latest Navy nomenclature. They have 2.25-in. motors and 
velocities of 175 fps or less. (See :B'igure 1 of Chapter 18.) 

h The 5.0-in. high-velocity a.,ircra.ft rocket [HVARJ, often called 
"Holy Moses," has a vdocity (in ground firing) of 1,360 fps 
and is the fastest fin-stabilized service rocket developed by 
CIT. It is shown in Figure 5 of Chapter 17. 
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introduced by means of the "deceleration coefficient" 
c,i defined by the equation: 

- dV = cP. 
dt 

(16) 

For velocities up to approximately 800 fps, the re­
sisting force offered by the air is very nearly propor­
tional t,o the square of the rocket's airspeed, so that 
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FIGURE 3. Decelel·ation coefficient of 5.0~in. 
HVAR. 

c is a constant which can be fairly accurately esti­
mated from theoretical considerations 2 or measured 
experimentally in a wind tunnel or water tunnel or 
by actual field firings. Its value for service rockets 
ranges between l X 10-·' and 9 X 10-5 ft-1 • A 
knowledge of the deceleration coefficient mnkes pos-

i Also frequently used is the "aerodynamic drag coefficient'' 
CD, which is related to 1; by the formula C p = 2W cj Ap where 
TV is the weight in pounds, c is the deceleration coefficient in 
feet-\ A is the maximum cross-seetiona.l area in square feet, 
and pis the density of the medium (air or water) in pounds per 
cubic foot. CD is dinrensionless. 

sible fairly accurate range calculations for rockets 
of subsonic velocities by the use of range tables for 
shells. Such calculations are discussed in Chap­
ter 24. 

When the velocity of a projectile begins to ap­
proach that of sound, the air drag becomes propor­
tiomtl to a higher power of the velocity than the 
second, so that, if we wish to continue to use equa­
tion (16) as its definition, the drag coefficient c must 
be considered a function of velocity. The exact 
form of this variation depends upon many factors, 
including the density, length-diarneterratio, smooth­
ness, and nose shape of the projectile, and is not the 
same for a typic~tl rocket as for a typical shell. 
Consequently, for high-velocity rockets, the accu­
rate calculation of trajectories is very much more 
difficult and uncertain. A typical curve of decelera­
tion coefficient vs velocity, that for the 5 .0-in. 
HVAR, is shown in Figure 3. 

For ground-fired rockets, the result of this varia­
tion of c is that, even though its burnt velocity is 
well above sonic velocity, the rocket quickly slows 
clown to approximately 1,000 fps, so that attaining 
a range greater than that corresponding to the 
vacuum range for 1,000 fps (approximately 10,000 
yd) is extremely difficult for short~burning-time 

rockets which are expected to carry a payload. This 
fact is illustrated in Figure 4 where approximate 
ranges me plotted as a function of initial velocity 
and deceleration coefficient.i 

2 1.3 SPIN-STABILIZED ROCKETS [SSR] 

The foregoing discussion httS been written in terms 
of fin-stabilized rockets (usually called "finners" for 
brevity), but it is, for the most part, equally appli­
cable to spin-stabilized rockets ("spinners"). Before 
considering the factors in which finners and spinners 
differ drastically from one another, we shall note 
the alterations which must be made in the equations 
of the preceding pages if they are to apply to spin­
ners. Although rockets have been made to rotate 
by a variety of devices, including canting the fins, 

i Figure 4 is based on reference 3 and assumes that c 
vades in the same way for all projectiles according to the 
Gavl'e function (see Section 24.4.2). This approxin1ation is 
fairly accumte for shells, which have little variation in the 
ratio of length to diameter and no fins or lugs to complicat,e 
the problem. Its accuracy for rockets can be estimated from 
the experiment,al points plotted. The value of deceleration 
coefficient quoted in each case is that for velocities well below 
sonic. 
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TABLE 2. Bt1llistie quantities for spin-stabilized roekets. 

ii = angle of yaw; the angle between the axis of the rocket 
and the tangent to the trajectory. 

o, = equilibrium angle of yaw; yaw aogle necessary if the 
spinner is to follow a smooth trajectory. 

71 = nozzle eant angle. 
p. = overturning moment codfieient; defined by equation 

(22). 
v = "feet per tutn"; distance traversed during one revo­

lution. 
IT =:o total polar moment of inertia; equal to (M + mo)k' 

before burning begins. 
K "" transverse radius of gyratiOJ); 1·eferred to an axis per­

pendicular t.o t.he rocket's axis of symmetry and pass­
ing through its center of mass; (ft). Total transverse 
moment of inertia of loaded round is (M + rno)K2 • 

k = polar radius of gyration; l'eferred to the long axis of the 
rocket; (ft). 

R == nozzle circle radius; perpendicular distance between 
the nozzle a.xis and the rocket axis; (ft). 

S""' stability factor; defined by equation (23); (dimension­
less). 

s = spin velocit.y; (radians per second). 

using a rifted or spiral launcher or a rotating launcher, 
and allowing the blast to impinge on plates set at an 
angle either in or behind the nozzle, we shall use the 
term "spinner" to apply exclusively to finless rock-

ets in which the rotation is imparted by ejecting the 
propellant gas through a number of identical nozzles, 
arranged in a circle and each inclined symmetrically 
to the axis of the rocket by a given angle. This de­
vice for imparting spin was the one most universally 
used by all the belligerents in World War II. 

The velocity relations for spin-stabilized rockets 
have been worked out in reference 4, and the nota­
tion used in that report is summarized in Table 2 . 
H.emembering that v. was defined as the effective 
velocity of the gas relative to the nozzle, it can be 
seen that) when the roeket is rotating so that the 
gas is ejected at an rmgle 71 with the axis of the 
rocket, only the component of the gas's momentum 
parallel to the axis is effeetive in pushing the rocket 
forward, so that the "effective gas velocity" is V 0 

cos 71, and the rocket gets slightly less forward 
momentum than if it were not rotating. The cor­
rections to equations (4), (6), (8), and (13) consist 
obviously in replacing Va by V 11 cos TJ· 

A useful, but not quite accurate, expression for 
the angular velocity of the rocket can be derived 
by considering that the escaping gas exerts a thrust 
on each nozzle equal to its rate of change of mo­
mentum v.(drnjdt), resolving this foree into its two 
components, and applying Newton's laws that force 
equals rate of change of linear momentum and 
torque equals rate of change of angular momentum. 
Then we have 

linear momen:tum: 

drn 
Vu cos 7f(jj 

angular momentum: 

. drn = J,,d.s_ 
RV. Slll 7f(jj • dt 

(17) 

(18) 

If it were possible to treat the combination of pro­
jectile and propellant as a rigid body and neglect 
the fact that the mass and radius of gyration of the 
propellant is constantly changing, we could sub­
stitute (M + rn)k for I r and divide (18) by (17), 
obtaining 

(19) 

which integrates immediately into 

(20) 
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This expression is strictly correct in the early part 
of burning provided that we use a value of the 
radius of gyration corresponding to the projectile 
plus propellant if the propellant rotates or COITe­
sponcling to the projectile alone if the propellant 
does not rotate. It is not true, however, that the 
spin velocity continues to be proportional to the 
linear velocity; the spin increa8es more slowly than 
this, so thaL, later on in the burning, equation (20) 
always gives a value of 8 which is somewhat higher 
1.han the correct one. To derive a correct expre8sion, 
one mw;t know whether the propellant grain rotates 
at the snme speed as the motor, at some slower 
speed, or not at all. Formulas applicable to these 
cases are discussed in reference 4. Experimental 
evidence is meager, but it appears that, for single­
grain motors, the grain rotates almost as fast as the 
motor. The question is one of little practical im­
portance, for the incorrect assumption that the 
angle of ejeetion of the gas is the same as the nozzle 
cant angle involves a eonsiclerably larger error. De­
spite the approximations involved in its derivation, 
equation (20) is useful for design purposes to give 
an estimate of the eant angle. 

It is .interesting to note that theory indicates the 
possibility of an equilibrium spin velocity 4.5 which 
cannot be exceeded by a rocket with a particular 
cant angle regardless of how high its forward velocity 
may beeome. The rocket eould be made to spin so 
fast that the rotation would carry the nozzles side­
ways fast enough to allow the gas to flow straight 
back out of the nozzles and impart no further spin 
to the roeket. The equilibrium spin eould be ap­
proached in practice only by a rocket with a very 
large nozzle-eircle radius, and all rockets made to 
elate fall far short of it. 

To the approximation within which equation (20) 
is correct, the distanee whieh the rocket travels 
while rotating onee is a eonstant characteristic of 
the rocket. This quantity, designated "feet per 
turn," is given approximately by 

27rk2 

v = ''feet per turn" = R ta~-;;- (21) 

if k and R are measured in feet. In praetice, v 1s 
always smaller than one would calculate from this 
formula beeause nozzles are so short that the effee­
tive nozzle eant angle (the angle which the ejected 
gas makes with the axis) is always somewhat smaller 
than 1J and earmot be measured. Hence v, which is 

easily measured photographically, is taken as one 
of the fundamental ballistic constants. 

FIN STABILIZATION 

A long cylinder having its weight mliformly diCJ­
tributed along its length is in stable equilibrium 
flying through the air only when it is aligned per­
pendicular to its clireetion of motion, in which 
position its air drag is obviomlly very large. Sinee, 
in practically all rocket applications, we require 
that the projectile point in the direction of its 
motion so a.s to reduce air drag and land on its nose, 
it is necessary to stabilize it in this position. A cyl­
inder flying through the air nose-on is in unstable 
equilibrium. If it aequires a slight yaw, that is, if 
the direction in which it is pointing and that in 
which it is moving begin to differ by a small angle, 
then the aerodynamic forces acting at each point 
of the surface cease to be uniformly distributed 
around the eircumferenee. It is always possible, in 
such a ease, to find a single foree which, if ~tppliecl 
at the proper point, will produce the same effeet on 
the cylinder as the sum of all the complieated aero­
dynamic forces distributed over the surface. The 
point of application of this hypothetical force is 
called the center of pressure. It always happens 
that, unless the mass of the cylinder is concentrated 
very close to the nose, the center of pressure is for­
ward of the center of mass so that the torque pro­
dueed by the aerodynamic: fon~cs tends to inerease 
the yaw (i.e., it is an "overturning moment") and 
eause the cylinder to tumble. To prevent this from 
occurring, two alternatives are available. Either 
'vc can arrange that the eenter of pressure be be­
hind the center of mass so that the moment of the 
aerodynamic forees becomes a "righting moment," 
or we can spin the projectile so that the overturning 
moment eombined with the gyroseopie effeet causes 
the axis of the projectile to rotate around the direc­
tion of motion with a constant yaw instead of 
tumbling. 

On a shell, the aerodynamic: forces always pro­
duce an overturning moment. Some roekets, no­
tably the 3 .5-in. aircraft rocket with a solid steel 
head, have their centers of mass so far forward that 
the aerodynamic forces produc:e a righting moment 
even in the absenee of fins, at least for large yaws 
after the propellant is consumed. In no case, how­
ever, is this righting moment large enough to pro-
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duce the requisite stability without the necessity of 
having fins at the rear end of the rocket. The 
presence of fins increases the aerodynamic forces on 
the rear relative to those on the nose, and thus 
larger fins move the center of pressure farther back 
and increase the stability. Stability can be ex­
pressed quantitatively by the "eccentricity," defined 
as the ratio of the distance between the center of 
mass and the center of pressure to the length of the 
rocket, but it is more useful and customary to give 
the "yaw oscillation distance" 11"· As its name in­
dicates, 11" is the distance the rocket travels while 
executing one complete oscillation from maximum 
yaw back to maximum yaw in a particular direction. 
It is discussed in greater detail in Chapter 24. We 
need merely note here that a small value of 11" char­
acterizes a stable rocket rmd it is desirable to have 
finners as stable as possible. 

2l.<l,.l Dispersion of Finners 

The most exasperating thing about fin-stabilized 
rockets i::J the infrequency with which they go in the 
clireetion that they are aimed. Their inaccuracy 
arises primarily from the fnilure of the line of thrust 
of the jet to pass through the center of mass of the 
rocket. This causes the rocket to rotate during 
burning about an axis through the center of mass 
perpendicular to the trajectory, with the result that 
the thrust of the motor is changed from its initial 
direction as determined by the orientation of the 
launcher. The perpendicular distance between the 
center of mass and the line of thrust (usually 
measured in thousandths of an inch) is called 
"malalignment," and a major portion of the effort 
in designing and manufacturing a finner is directed 
toward keeping it as small as possible. 

The rualalignment may vary in magnitude and 
direction during burning, but for theoretical analysis 
it is usually assumed to be a constant. In this case, 
it tends continually to increase the yaw of the rocket 
in a particular direc.tion, and, since the yaw changes 
the direction of the thrust, a deflection in that 
direction results. What the direction of this yaw is 
depends upon the orientation of the rocket on the 
launcher, so that the directions are randomly 
oriented, left and right orientations being equally 
probable. Thus malaligmnent does not change the 
center of impact of a large number of round::J, but 
introduces a dispersion about this center which is 

roughly proportional to the malalignment. It would 
be expected, and was early demonstrated experi­
mentally, that, after burning, a rocket continues in 
the direction it had at the end of burning, and no 
further inaccuracy is introduced. 

The theory of dispersion is discussed at greater 
length in Chapter 24; its predictions are summarized 
as follows:k 

1. For relatively low-velocity rockets h:wing 
short burning times (e.g., the ASH, and BR),1 the 
burning distance is considerably less than half the 
yaw oscillation distance. The yaw caused by the 
malalignment, therefore, continues to increase all 
during the burning so that the deflection at the end 
of burning is approximately proportional to the 
burning time. Such rockets exhibit a marked de­
crease in dispersion with increasing temperature 
because of the shorter burning time. If a very 
accurate rocket of thi::J type is desired, its burning 
time must be made short enough so that a large 
fraction of the burning takes place on the launcher. 

2. For high-velocity rockets such as the forward­
firing aircraft rockets, however, the fin size rather 
than the burning time is the most important factor 
in determining the dispersion. The reason for this is 
that the restoring torque due to the fins begins to 
become appreciable fairly early in burning and 
opposes the efforts of the malalignment to increase 
the yaw. The burning time is usually long enough 
so that the burning distance is ::Jomewhat longer 
than half the yaw oscillation distance, so that, be­
fore the malalignmen.t torque ceases, the rocket has 
had time to reach a maximum yaw, return to zero 
yaw, and begin to yaw in a direction opposite to 
that induced by the malalignment. In the case of 
extremely long burning times, several oscilhttions 
may take place during burning. In either case, the 
final deflection is considerably less than that which 
would correspond to the maximum yaw of the rock­
et. Changes in burning time have only ~t minor 
effect on the disper::Jion. 

3. For eases intermediate between 1 and 2, it is 
necessary to apply the theory in more detail (sec 
Chapter 24). 

The reason that the small m~lalignment torque 

k Dispersion theory is treated in detail in reference 6 and is 
summarized in n:-ferenee 7. 

1 4.5-in. barrage rocket.s [BR] of more than six types existed, 
three of which were assigned Mark numbers. Since their basic 
design was similar we shall refer to them simply as the BR in 
cases where the differences are not involved. See Figure 3 of 
Chapter 18. 
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is able to rotate the rocket appreciably is, of course, 
that the stability of a finner depends upon its hav­
ing a velocity i·elative to the air so that an aero­
dynamic torque exists tending to reduce the yaw. 
When starting from zero air velocity, the rockets 
are stabilized only by their launchers. If the 
rocket is headed into a high-velocity wind at the 
moment of firing, the fins are able to stabilize it 
from the beginning, and much lower dispersion re­
sults. This is the situation in forward firing from 
aircraft, and accounts for the facts that the dis­
persion of the same rocket air-fired is usually be­
tween 0.5 and 0.1 of its value when ground-fired 
and that aircraft rockets are designed with large 
fins so that their stability is large. 

2l.S SPIN STABILIZATION 

That a projeetile c~<n be stabilized by rotation 
even though the center of pressure is ahe~'td of the 
center of mass is a consequence of the bizarre be­
havior of a gyroscope, which moves at right angles 
to the direction in which it is pushed. Stated more 
accurately, the rule is: if n gyroscope is rotating 
about a particular axis (vertical, say) and a torque 
is applied which tends to rotate it about an axis 
perpendicular to its spin axis (east), the result is a 
motion (precession) about the third mutually per­
pendicular axis (north). The directions of these axes 
are most conveniently remembered by imagining 
one's self standing behind the rocket (a very unsafe 
place to be except in imagination) and looking along 
its axis. rrhen, if the rocket is spinning to the 
right (clockwise), as is assumed throughout this 
discussion, a force tending to move the nose up 
results in motion of the nose to the right; a force 
tending to move the nose to the right results in 
motion down, etc. Thus, if a rocket has a yaw of, 
say, 1 degree, the overturning moment combined 
·with the gyroscopic effect leaves the mitgnitude of 
the yaw unchanged but causes its direction to rotate 
elock>\ise around the trajectory. 

The motion of a spinner is determined by the 
combination of the gyroscopic action with the vari­
ous forces and torques which act upon it. Since 
there are four distinct types of forces and four of 
torques, the complexity of ~\ spinner's motion is so 
gre~tt that even now their action throughout the 
trajectory is very incompletely understood. The 
fairly extensive theoretical work which had been 

done on the motion of shells was, of course, partially 
applieahle to roekets, but the addition of the jet 
force during burning and the muoh greater relative 
length of roekets introduced new and complex 
phenomena which had not been observed with shells. 
During the last three yea.rs, much progress toward 
understanding them has been made, hut they still 
present one of the most extensive and potentially 
fruitful fields for further research in rocketry. For 
the details of the theory, the original papers should 
be consulted. These nrc summarized a little more 
fully in Chapter 2.5, but in the following pua­
graphs we slw11 attempt to understand qualita­
tively the factors influencing a. spinner's motion in 
order to see what points are important in de::sign, 
ignoring, for the most part, the manifold com­
plications. 

Stability Factot• and 
Rocket Design 

If the rocket is moving through the air with a 
velocity Y, it is subject to a torque (called the 
"aerodyntl.mie overturning moment") tending to 
make it tumble. As long as the velocity is less 
than about 800 fpR, the magnitude of the torque is 
given by 

Overturning moment J.LP sin a, (22) 

where J.l. is the "overturning moment coeffieiEmt" 
and a is the yaw angle. Whether this torque will be 
able to cause the rocket to tumble depends on the 
magnitude of the gyroscopic forces, which we can 
increase to any desired value by increasing the spin 
and by making the rocket relat.ively shorter and 
fatter. To express this fact precisely, we have a 
quantity ealled the "stability factor" which g.ives 
the ratio of the gyroscopic to the aerodynamic 
forecs and is defiMd by the expression: 

8 (23) 

Evidently we ·would expect that the rocket would 
be stable if S > 1, a.nd this is actually th~\ case for 
shells. Beeause of their greater length, rockets 
require a somewhat larger value, probably about 1.5. 

A study of the expression for 8 reveals several 
important facts about spinner design. Suppose we 
wish to design a rocket of a particular diameter . 

.... ,.., - - - .. 
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Then the "polar radius of gyration" k is fixed, since 
in practice it is almost impossible to change it 
much from a vnJue of about 0.27 times the diameter. 
The spin velocity s is at our disposal, but a very 
definite upper limit on it is set by the centrifugal 
force whicb the motor tube and the propellant will 
stand. Now suppose that we have deeided upon 
the length of our rocket as well as its caliber. Then 
the "transverse radius of gyration" K is nlso fixed, 
and we are left with the stability faetor a function 
of sjV. As discussed in Section 21.3, this ratio, 
and hence the shtbi!ity of the rocket, decreases 
steadily during the burning, so that, if the burnt 
velocity is too high, the rocl{et will beeomc un­
stable sometime before the end. of burning and 
begin to gyrate wildly, lose velocity quickly because 
of the enormously increased drag, and come to 
earth with a completely unpredictable orientation 
far from the original line of fire. If we are already 
spinning the rocket as fa.st as we dare, the only 
alternatives me to accept a lower velocity or to 
:=;horten the round so that 8 is increased by the 
decrease inK. Evidently, then, the higher the 
velocity required, the shorter the round will have 
to be. If we wish to exeeed the vdoeity of sound, 
the problems are aggravated by the fact that M .• 

like the deceleration eoefficient, ceases to be a con­
stant in this vicinity and increases rapidly, so that 
still stubbier roekets will be required to keep S 
a.bove the critical value. Apparently spinners for 
aircraft forward firing must have especially rapid 
:;:pin and short length. 

It would be interesting to know just what the 
maximum possible length of spinners is for various 
calibers, velocities, and shapes, but no specific in­
vestigation of the point was 1nade at CIT because it 
was not of sufficient practical utility at the time. 
It is known th~tt supersonic 5.0-in. rockets approx­
imately 7 ealibers long become unstable nefLr sonic 
speed, but it may be that the instability eould be 
(:ured by higher spin if it w-ere attainable without 
grain fracture caused by centrifugal force. No dif­
ftculty was encountered in stabilizing 6-caliber 5.0-
in. spinners. On the other hand, subsonio 3.5-in. 
spinners are adequately stable at 7 calibers length, 
although it is open to question whether they would 
be so at higher velocity. 

An upper as well as a lower limit to the permis­
sible stability factor exists in most eases. If the 
trajectory is very short and relatively straight and 
the rocket is not required to change its orientation, 

it m~ty be desirable to have a very high stability. 
For example, the 5.0-in./14 GASR Model 39A,m 
designed for forward firing from aircraft, has n 
stability factor in ground firing of approximately (), 
but rockets for barrage must have a much lower 
stability. If S is extremely large, a projectile fired 
at high angles will be so· "stiff" thnt aerodynamic 
forces cannot turn it at all, and it will maintain its 
original orientation, hmding base down.n At some 
lower value of S, the projectile will be able to turn 
rapidly .enough to follow t1 relatively fiat trajectory 
and land nose first; but, as t,he quadrant elevation 
is inereased, it will have to turn more rapidly to fol­
low the trajectory at its peak, and eventually n 
critieal angle will be reached at which it is too 
"stiff" to follow over the peak, and instability re­
sults. To understand this etl"ect, let us examine in 
greater detail the mc.ehanism by which a spinner 
keeps oriented along its trajectory. 

Consider a rocket which has been perfectly 
launched so that it is not wobbling or yawing. As 
soon as it leaves the launcher, gravity begins to act 
on it, causing the trajE~etory to become increasingly 
curved downward and effeetively giving the rocket 
an up ya.w. Since the aerodynamic moment is an 
overturning one, this yaw tends to lift the nose and 
it precesses to the right. Wit,h a yaw to the right, 
the precession moves the nose down, wbicb is what 
is required to point it nlong the trajectory, and the 
roeket settles into a st~<ble state in wbicb it is 
yawed to the right at just the angle necessary to 
give sufficient overturning moment so that it pre­
cesses fast enough to follow the tntjeetory. In an 
actual case, of course, the mallaunching, the mal­
alignment, and the dynamic unbala.nee will produce 
an initial yaw and a wobble so that the rocket will 
not have the equilibrium yaw. It will, however, 
oseillate about this yaw, which is a stable position, 
as can easily be seen by considering the moments 
introduced if the yaw deviates from it by a small 
amount. 

If the rocket is spinning rapidly, it will be hard to 
turn, and the equilibrium yaw will have to be large 

m 5.0-in./14 GASR Model 39A is the CIT d\'signation. for a 
roru1d which was developed in the ~ummer of 1945 but did not 
receive a Navy designation. The "14" denotes its a.ppr·oximate 
velocity (almost 1,400 fps) and the letters stand for ''Geocml­
purpose Aircraft Spin-stabilized Rocket." See reference 8 and 
Section 20.2.6 of the present volume for fmther details. 

n This phenomenon has been observed with shells but not, 
so far as is known, with rockets, probably because suffieiently 
stable rockets have not been fired at high enough angles. 
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in order to obtain sufficient, torque to turn it. The 
theoretical expression for the yaw, 

2 J(2g eo_s---=c() == 
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shows also that it is lnrgest where the velocity is 
least, i.e., at the pettk of the trajectory, both be­
cause the curvature of the trajectory inerNlses tind 
because the aerodynamic forces are reduced. For 
high-angle fire, the peak yaw must be quite large. 
If the yaw exceeds a certain critical value (about 6 
degrees is typiettl), other factors enter which make 
the rocket unstable, and it begins to gyrate wildly 
or, as we usually say onomatopoetically, to "wow­
wow." The exact cauBe of this instability is com­
plica.ted and not well understood; it is discussed 
in somewhat greater length in Chapter 25. 

That a spinner goes through life with its nose 
pointed to the right Ctiuses it to be deflected from 
its "normal" trajectory in two ways. The l!ft 
gives it a drift to the right, and the JYlagmts force 
pushes upward so that the range is increased beyond 
what would be expceted from the velocity and the 
drag. (See Chapter 25 for definitions of these 
forces.) 

U.5.2 Spinner Trajectory during 
Burning 

The motion during burning is much more difficult 
to visualize than tlHtt after burning because of the 
arldition of the jet force. Two factors-wind effect 
and mallaunching-are important during this pe­
riod. The theory of wind effect has been calcu­
lated/•10 and its complexity can be seen from the 
following summary. 

Wind 

Cross wind from left: Light 
Medium 
Strong 

Down-range wind: Light 
Medium 
Strong 

Deflection Produced 
Right and down 
Left and down 
Left and up 
LE>ft and down 
Left and up 
Hight and up 

The definition of a "strong" wind depends upon the 
round, its lower limit ranging from about 25 to 40 
fps. The wind effect is complicated principally 
because it is nonlinear, and its magnitude is usually 
in the range of one to several mils per foot per 

second so that it is too large to be ignored. Because 
the burning time is so short, guotiness in. the wind 
can produce large differenc:es in effect between 
rounds, thus introducing dispersion. Their sensi­
tivity to wind is thus a severe limitation on the 
nccuracy of spinners. 

The mallaunching effeet is complicated for quite a 
different reason. Mallaunching is the name given to 
any angular aceeleration about a transverse axis 
which the round :wquires as a result of interactions 
with the launeher. Tip-off is the most frequently 
encountered example, tending to give the round an 
anguhu velocity around a. horizontal rtx:is. A,; the 
nose drops, the precession moves it to the left, and 
the resulting left yaw makes it continue prceessing 
upward. Thus the nose moves in a spiral relative 
to the center of mass, and the roeket finishes burn­
ing in a position below and to the left of its theo­
retical position for no tip-off. Since the drift after 
burning is to the right, low-angle rounds land t.o the 
left of the range line, and high-angle rounrls land 
to the right. 

If the launcher constmins the rocket from moving 
in any latcrnl direction, as is usually the case with 
spinners, the rnallaunching need not be downward. 
Either rnrtlalignmen.t or dynamic unbalance ma,y 
give the round a transverse rotntional velocity in 
some other direction. Theory indicates that, for a 
given degree of mallaunehing, the resulting disper­
sion is reduced by a longer launcher (i.e., by a faster 
spin at launching). However, with some launchers 
it occurs that the malalignrnent is approximately 
proportional to the spin velocity at launel1ing be­
cause of the larger forces involved, so that increased 
buneher length does not result in greater accuracy. 
For this reason, it is very difficult to determine 
\vhat type of launcher is best, and many diverse 
types and lengths have been tried. Usually the 
choice hns fallen on a simple, relatively short 
launeher for obvious tact.ieal reasons because longer 
and more complicated ones have not given appre­
ciably smaller dispersions. 

21.5.3 Special Purpose Spinners 

A further result of the complexity of spinner 
trajectories and the large number of factors in­
fluencing them is that ~L spinner should be tailor­
made to a particular purpose in order to function 
with best effect.. A "Jack-of-a,ll-tracles" spinner 
would probably indeed be "master of none." In the 
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early days of spinner development, much effort was 
expended in an attempt to work out a compromise 
round which could be used both for accurate fire 
with a flat trajectory and for barrage at relatively 
high angles. The rounds developed for barrage had 
a stability factor of about 2 and were able to follow 
over a trajectory as high as about 55 degrees to 60 
degrees. Although satisfaetory for barrage, they 
could not be made more ~wcurate than about 8 mils, 
principally because cross winds produced deflections 
of about 2 mils per fps, so large an effect as to make 

the fire control problem virtually insurmountable in 
cases where accurate fire is desired. Since the cross­
wind effeet is approximately inversely proportional 
to the stability factor, which, in turn, depends on 
the square of the spin velocity, it appears to be 
desirable to use fast-spin rockets with flatter trajec­
tories for most applications requiring greater 
accuracy.11 On the other hand, greater attention 
must be paid to mailaunching and dynamic balance 
for such fast-spin rounds, so that the increased 
aeeuraey does not come cheaply. 



Chapter 22 

DESIGN OF ROCKET PROPELLANT CHARGES 

By C. W. Snyder 

2!Ll GENERAL REQUIREMENTS FOR A 
ROCKET CHARGE 

T HE GENJmAL PROBLlcM of designing a propellant 
charge is a very large one, involving choice of 

the propellant composition to be used, a grain 
shape, the number of grains in the charge, a the 
method of extruding or otherwise forming the 
grain, etc., as well as the specific problems of fitting 
the charge to the motor contemplated. The general 
problems are beyond the scope of this part of the 
report. We shall take the viewpoint of the man who 
wishes to design a rocket with particular per­
formance charaeteristics using a propellant of fixed 
composition-specifically ballistite, since this is the 
only propellant which has been used in quantity in 
this country-although the discussion will be gener­
ally applicable to other propellants as well. We shall 
not be concerned with the general theoretical 
treatment of propellant performance, more com­
plete treatments of which will be found in The 
Interior Ball1:s#cs of Rockets, 1 ::mel in Rocket Fnnda­
mentals.2 

The charge designer is usually ealled upon to 
meet four specifications: caliber, impulse, tempera­
ture range, and burning time. The caliber of the 
motor fixes the grain's external diameter, which 
must be just slightly smaller than the tube's internal 
diameter in the case of single-grain charges or, for 
multiple-grain charges, must be such that the 
grains nest properly in the tube. \Vith a fast­
burning propellant sueh as ballistite, single-grain 
charges are preferable, and multiple-grain charges 
are used only when either (1.) it is not feasible to 

• The term "propellant charge" is applied to the powder 
which furnished the energy for propulsion in its final state 
ready for assembly into the rocket motor. The term "pro­
pcJJant grain" signifies a single extruded or molded piece of 
propellant of whatever &ize (it may even be several inches in 
diameter and several feet long) either finished or unfinished. 
Thus a char!fe may consist of several grains, or of a single grain 
assembled with inhibitor strips or end washers, Ol' simply of a 
single gmin with nothing attached. In this chapter, we shall 
extend the customary meaning of the wotd "charge" to include 
not only the powder grain or grains, but also the igniter, grid, 
and other pieces intilnately associated ~it.h t.he grain but not 
necessarily attached to it. 

make a grain as large as the motor, or (2) the 
shorter burning time obtainable with several thin­
walled grains is desirable. Both these considera­
tions entered in the cases of the Army's 4:.5-in. 
rockets using solvent-extruded powder (which can­
not he made in web thicknesses exceeding 0.4 in.) 
and of the Tiny Tim (which was too big for the 
available propellant extrusion presses). Unless 
otherwise noted, we shall consider only single-grain 
motors. 

2 2 ·2 IMPULSE AND GAS VELOCITY 

The impulse or integrated thrust delivered by 
the motor is given by equation (8) of Chapter 21 
as the product of the mass of the grain by the 
effective gas velocity "V 0 • The theoretically attain­
able gas velocity depends on the propellant com­
position,~" and in practiee its value for ballistite is 
approximately 7,000 fps, which is higher than that 
for most other propellants because of the larger heat 
of combustion of hallistite. For any particular 
motor, F, must ultimately be determined experi­
mentally by measurements of that rocket's velocity 
in the field, but in preliminary design calculations 
one may use a va.lue determined from tests of a 
similar motor. 

Gas veloeities for typieal CIT rockets are shown 
in Figure 1. It will be noted that 'V0 inereases with 
temperature over most of the temperature range, 
the reason being partly that, when the propellant 
and metal parts are cold, more of the heat energy 
liberated is consumed in heating them up and less 
is available as kinetie energy of the gas to impart 
momentum to the roeket. That the eurve usually 
turns down again at high temperatures results from 
the dcereased strength of the propellant, more and 
more of the powder being broken up and expelled 
without being burnt. The decline at high tem­
peratures is absent when the grain is not subjeet 
to large forces (from aeceleration or pressure drop) 
and when high-strength propellant is used, as can 
be seen from the curves. 

223 
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FIGURE 1. Gas velocities for various CIT rockets. 

Effect of web thicknesa and acceleration, cwrves A, B, C, D: 
Constant: Motor insiclo diameter 2.0 in. 

Gr·ain out~:;;ide di&n1eter 1.7 in. 3-ridgc tubular 
Grain weight 1.43 or 1.44 lb 

V::ttittble: Grain lnaide diameter, web thickne.~s. and length 
Projectile weight and acceleration . 

Cnrve A: 7.2-in. Rocket Mk 1 Mod 0 (antisubmarine rocket); 60.1 lb 
2.25-in. Motor Mk 8 Mod l 
Mk 1 Mod 0 Grain, 1.70 X 0.59 X 11.6 in. 

Curve B: 4.5-in. Rocket Mk 1 Mod 0 (barrage rocket); 28.7lb 
2.25-in. Motor Mk 7, 8, or 9 Mod 0 
Mk 1 Mod 0 Grain, 1.70 X 0.59 X 11.6 ln. 

Curve C: 7.2-in. Rocket CIT }1odell8 (demolition rocket); fil.S lb 
2.25-in. Motor CIT Modell4 
Gmin 1.07 X O.VO X 14.9 in, 

Curve D: 4 . .5 BR (special with short burning time); 29)) lb 
2.25-in. Motor CIT Model'l 
Grain L7 X 0.9 X 14.5 in. 

Remarks: Dillerenoes at low temperatures not understood. Not.e. absence 
of acceleration effect at these low accelerat(oru and marked 
drop in V" for thin->vcb grains ut high temperature. 

l(ffect of lenlllh or internal K for thin-u1eb (fN.iins, C1t>"V€8 E, F, G: 
ConsLant: Rocket type 7 .2-in. retJ"o rocket 

Motor type 3 .0-in. inside diameter with box grid 
Grain shape 2.5 X 1.4 in. 3-ridge t.ubular 
Projectile weight and acceleration (approximately) 

Variable: Grain length and weight and intemal K 
Curve E: 7.2-in. Rocket Mk 7 Mod 0; 64.3 lb 

3.25-in, Motor Mk 1 Mod 0 
Mk 6 Mod 1 Grain, 8.7 in. long, 1.8 lb, K1 :e 37 

Cnrvc F: 7.2-in. Rocket Mk 10 ModO; 07.3lb 
3.25·in. Motor Mk 2 Mod 0 
Mk 7 Mod 1 Gmin, 13.0 in, long, 2.8 lh, Kr 55 

Curv• G: 7.2-in. Rocket Mk l2 Mod 0; 70.() lb 
3.25-in. Motor Mk 3 Mod 0 
Mk 8 Mod 1 Grain, 10.6 in. long, 4.1lb, Kr S2 

Remarks: Note efficiency at high t.empcrature-extrcmely high for short· 
est w·ain, extremely low for longest- grain, the l~;tter duo eo 
thin web. 

E.ffect uf !enoth or internal K fo,· thil;k-web wains, cur>Jes H •. T: 
Constant: Rocket type 2.2ii-in. subcalibcr aircn<ft rocket 

Motor type 2.0-in, inside diameter with box grid 
Projectile weight approximately 12 lb 
Grain shape llppro:ri.rnu.tely 1.7 X 0.27 in. 3-rid£:c tubular 

Variable: Grain length and weight and internal K 
Cun·e H: 2.25-in. Rocket Mk 2 Mod 0 

2.25-in. Motor Mk 12 Mod 0, Kn = 225 
Mk 17 Mod 0 Grain, 8.5 in. long, l.l2 lb, Kt = 17 

Curve I: 2.25-in. Rocket Mk 1 Mod 0 
2.25-in. Motor :VIk 10 Mod 0, K.v ~ 100 
Mk 16 Mod 0 Grain, 12.5 in. long, 1.7,) lb, KI = 121 

Rcmnrks: Note better high-temperature pm·formanM shown in curve I 
than in curve G becan~~ of thicker web, Cnrve I repraenta 
the heaviest grain that has been sttcco?MfuUy used in a 2 .0-in. 
motor. 

Effect of propellant •t,·onoth a·nd nozzle coefficient, cu.rve., J, K, [.: 
ConBtant: Rocket type 8.5-in. Rocket Mk 1 1\iod 0 (AR) 

Grain Mk 13 Mod 0, 2.74-in. cruciform, Kn = 167 
Variable: Moto:t inside diameter at nozzle end of gmin, inte,·nal K. 

Expn.n,.lon ratio of the ooozle 
Propellant composition and strength 

Cmvc J: 3.25-in. Motor Mk 7 :Mod 0, K1 = ll.2 
Propellant JP; ultimate sb:cngth 270 p!li at 140 F 
Expansion ratio 4.0; nozzle coeffici,ent 1.17 

Curve K: 3.25-in. Motor Mk 6 Mod 0; Kr 130 
Propellant J'l:'; ultimate strength 270 psi at 140 F 
El(palll!ion ratjo 2.35; nozzle coefficient 1.40 

Curve L: Same as curve J' except: 
Propellant RDS 1154.2; ultimate strength 700 psi at 140 'F 

Rernatks: Note improved high-tempemtmc porforruauce "With high­
strength propellant. Effee-t of Kr is not apparent in these 
mn"Ve~ but shows up in burst !r0queilCY at high temperature. 

Gas vel.ocit11 nflarge motors, cu·roes M and N, point.< 0 and P: 
Constant: Grain shape 4.2-\n. cruciform 
Variable: Motor design .and gt·ain size 

Pl·opelhtnt con1positioil and strength 
Curve M: 5.0-in. Rocket Mk 4 Mod 0 (HVAR) 

5.0-in. Motor Mk l Mod 0 
Mk 18 Mnd 0 Grain, 24.0 lb, :19 in. long 
Propellant JPN; ultimate Btrongth 230 psi at. 140 F 

Cmvc N: 11.75-ln. Rocket Mk 3 Mod 0 (Tim) 
11.75-in. Motor Mk 1 Mod 0 
4 Mk 19 Mod 0 grains; 36.3 lb, GO in, 
Propellant ,TPN; ultimate strength 230 140 F 

Point 0: Same as curve M except: 
Propellant JPH; ultimate strength 550 psi at HO F 

:Point P: Same as curve N exeept: 
Propellant JPH; ultimate strength 5150 psi at 140 F 
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From the viewpoint of external ballistics, V 0 is 
related to the velocity of the rocket [equation (6) 
of Chapter 21); from the viewpoint of internal 
ballistics it is related to the pressure-time curve, 
which can be determined by static firing. Equation 
(13) of Chapter 21 shows that it is determined by 
the area .under the pressure-time curve and has no 
relation to its shape. 

22.3 PRESSURE-TIME CURVES 

To determine the exaet shape of the pressure-time 
curve required, we turn to the temperature-range 
specification, which usually reads "as large as 
possible," although for certain applications either 
the upper or the lower temperature limit may be 
more critical. With ballist.ite (and all other propel­
lants in common use) , the pressure in the motor 
during burning is considerably increased as the 
initial propellant temperature is increased, yet the 
maximum pressure developed at any point in the 
burning must never exceed the snfe working pres­
sure of the motor assembly at the highest propellant. 
temperature to be encountered in service. On the 
other hand, in order to maintain satisfactory burn­
ing of the powder, the re[tetion pressure at the 
lowest firing temperature must not fall below a 
certain limit, normally about 300 psi. Thus it can 
be seen that the maximum temperature range 
over which the motor will function satisfactorily is 
obtained when the maximum reaction pressure at 
any given temperature is as low as possible and the 
minimum pressure at the same temperature is as 
high as possible. This condition is obtained when 
the pressure remains essentially constant through­
out the reaction period., or, as we say, when the 
burning is "neutral.' 

The situation is modified slightly by the fact. 
that in many cases the motor walls are heated suffi­
ciently by the propellant gas to decrease in strength 
toward the end of burning, and tte maximum pres­
sure which can be permitted is consequently lower 
at the end of burning than during the first part. But. 
it has also been found that. the minimum pressure 
at which sHtisfactory continuous burning can be 
maintained decreases as the motor walls are heated 
and is therefore somewhat lower during the latter 
part of burning than the pressure necessary to ignite 
the grain. These two considerations indicate that 
the most desirable pressure-time curve will usually 

be one which is slightly "regressive," that. is, one in 
which the pressure decreases somewhat from the 
start to the end of the reaction. The exaet amount 
of regression to produce optimum results in a given 
application must usually be determined by experi­
ment, but it is seldom large. 

22," EQUILIBRIUM PRESSURE IN A 
MOTOR 

In order to see how the shape of n pressure-time 
curve can be controlled, we shall examine the fac­
tors which determine the motor pressure. The first 
of these is the burning characteristics of the powder. 
If any substance which does not require nn exterior 
supply of oxygen to support its combustion is ignited 

TABLE l. Internal ballistics quantities. 

(3 == proportionality constant relating motor pressme to 
buming rate; it is a function or temperature. 

p = propellant density. 
Ax = nozzle thl'oat area. 
A.s "" surface' area of the grain. 
B :::o linear burning rate of propellant. 

c)) = nozzle discharge coefficient. 
n == internal diameter of motor tube. 
r1 "" external diameter or grain (excluding ridges or in­

hibitors). 
il = internal diameter of grain (cylindrical). 

K1 "" "internal K"; ratio of charge area to port area. 
l(v == "nozzle K"; ratio of charge area to nozzle throat area. 

L == grain length. X = 100 L/K1D. 
M p "" propellant grain mass. 

rh = mass rate of discharge of gas through the nozzle. 
m' == mass mte of production of gas by t,he grain. 
P == prcssme at any point in the motor. 

PN = "nozzle ptcssure"; measured just to the rear of the 
nozzle end of the grain. 

tb "" burning time. 
v = volume of grain. 

w = web thickness of gl'ain. 
w"" web thickness. w = W/D. 

·----· 

simultaneously over its whole surface (and if no 
complications arise, such as ob8tructions to the free 
flow of gas away from certain portions ofthe surface), 
burning will proceed at the same rate at every 
point, so that each surface remains always parallel 
to its originn.l position. The accuracy with which 
the burning takes place perpendicular to the surface 
is strikingly shown by partial burnings of grains, 
some of which arc shown in Figures 9 and 11. If a 
small indentation (a serial number, for instance) is 
made in the surface, it will still appear-and be 
legible-although the surface may have receded 
;\4' in. or more from its original position. In this 
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type of burning, it is obvious that the amount of 
powder which disappears, and hence the amount of 
gas generated, will depend only on two factors: 
(1) the speed with which each surface recedes, i.e., 
the linear burning r~::tte B, and (2) the instantaneous 
ignited surface area As of the grain. 

Now the linear burning rate B is a function, un­
fortunately, of a considerable number of variables., 
including pressure, the initial temperature of the 
t,rrain, the velocity of gas past its surface, and the 
radiation density in its vicinity. It is most oritically 
dependent upon the pressure, and hence is fre­
quently expressed by the approxim~Lte relation:1" 

( p )" 
B = fJ 1,000 (l) 

where fJ is a constant for any particular temperature. 
For ballistite, the exponent n is approximately 0.7, 
and the variation of burning rate with pressure ::tnd 
temperature is as shown in Figure 2. 

2.00() 2.500 3000 
PRESSURE IN PSI 

FIGURE 2. Burning rate of JPN ballistite. 

As soon as gas begins to be generated by the 
burning of the charge, a pressure differential be­
tween inside and outside the motor appears, and 
gas begins to flow out through the nozzle at a rate 
which is proportional to the pressure difference 
and to the nozzle area. That is, 

m (2) 

where A.N is the nozzle throat area, PN is the 
excess pressure just inside the nozzle, and rit is 
the mass of gas discharged per second. Except for 
very low pressures, such as are not usually used in 
rocketry, the proportionality factor CD, called the 
"nozzle discharge coefficient," is constant for a 
given powder composition. If .lLv is expressed in 
square inches, PN in pounds per square inch, and 
rh in pounds per second, its value for ballistite is b 

~ . lb (mass) _1 CD - 0.00065 lb (f ) X · or sec . ·urce sec 

We have already seen that the rate of generation of 
gas by the charge depends on the linear burning 
rate Band the charge area As, so we can write 

(3) 

putting the density of the propellant p in pounds 
per square inch. Since the burning rate increases 
with pressure, the pressure will rise rapidly when 
the mot,or is fired, until a value is reached such 
that the rate of gas flow through the nozzle is equal 
to the rate of gas generation, or 

(4) 

This rehltion enables us to solve for the equilibrium 
pressure." 

PN (equilibrium) (5) 

Although the above trm:ttment is only approximately 
correct, since we have neglected the pressure gradi­
ent inside the motor which causes the gas to flow 
toward the nozzle d (the pressure difference be­
tween the two ends may amount to several hundred 
pounds per square inch), it does correctly show that, 
except for constants depending only on the propel­
lant composition, the instantaneous equilibrium 
pressure is determined by the ratio of the ignited 
area of the charge to the area of the nozzle throat. 
This ratio is the most important design constant in 
the internal ballisties of rockets and is denoted by 

h Theoretical derivations of the 'l'"l\lue of C n are given in 
The Interior Ballistics of Roclcets,1" axld in Rockel Fundarnen­
tals.2• The nozzle discharge coefficient Cn must be distin­
guished carefully from the aerodynamic drag coefficient in 
Chapter 21 which was denoted by the same symbol. Nor­
mally both quantities will not appear in the same report. 

• The product pB, in units of lb/ft2-sec or slugs/ft~-sec, is 
called the burning rate in much of the litcl'ature of internal 
ballistics. 

d A more nearly exact relation is given in The lnteri&r 
Ballistics of Rocket.~.'" 
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the symbol KN and called "the nozzle K" or simply 
"the ]{" of the motor. 

22.4.1 Advantages of Tubular Grains 

T'his analysis shows that, unless the burning rate 
varies during the reaction, a grain will be neutral­
burning if it is "geometrically neutral," that is, if 
its surface area remains constant during the reac­
tion. The burning rate is not strictly constant, but 
pressure-time curves do follow area-time curves 
fairly closely as shown in Figure 3. A solid cylinder 
burns regressively, a tube ignited only on its inside 
surface is progressive-burning, and a tubular grain 
which burns inside and outside but not on the ends 
is, geometrically, neutral because the internal radius 
and area increase at tho same rate as the external 
radius and are~t decrease. It is primarily because of 
this characteristic of neutral burning that tubular 
grains are used in most rockets. Evidently, if we 
wish to introduce a little regression into the burning 
of tt tubular grain, we can allow one or both of the 
ends to burn so that the length decreases during the 
reaction. If we do not wish the ends to burn, we 
must prevent the propellant gas from touching them 
by cementing on a plastic ''inhibitor" disk. 

Tubular grains are popular for two other reasons 
also. First, they arc easy to extrude and require 
relatively little processing after extrusion; hence 
they are inexpensive. Second, they burn up com­
pletely because their wall thickness is the same at 
every point. As the walls become thinner uniformly 
during burning, their thickness becomes zero every­
where simultaneously. The smallest distance be­
tween two adjacent burning surfaces is called the 
"web thickness/' and most shapes of grains have 
some portions that are thicker than the "web." 
After the web is burned through, the charge area is 
so small that it cannot maintain the pressure re­
quired for continuous burning, and the pieces re­
maining, called "slivers," either are ejected unburnt 
or smolder slowly and contribute nothing to the 
momentum of the rocket. Ob-v-iously the burning 
time of a grain, which was the last specification the 
grain designer had to meet, is given by 

w 
to= (6) 

where w is the web thickness. The factor 2, whieh 
appears because burning takes place from both 

sides of the web, is omitted for grains which burn 
only on the interior surface. 
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FIGURE 3. Comparison of pressure-time curves 
(solid lines) and area-time curves (dashed lines) 
for: (A) cruciform grain with no arms inhibited, 
(B) cruciform grain with two arms inhibited :full 
length, (C) cruciform grain with all four arms 
inhibited full length, (D) thick-web tubular 3-
ridge grain with radial holes, (E) thick-web tubu­
lar 3-ridge grain with rod stabilization and no ra­
dial holes. All grains are inhibited on both ends. 
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22.4,2 Pressure Drop 

Returning to the question of wht=tt determines the 
pressure in a rocket motor, we can apply again the 
logic by which we found that the nozzle pressure is 
fixed by the constant J{N. In the conventionHJ type 
of rocket, all the gas is discharged at the rear, and, 
if a,ny particular mass of gas is to be urged toward 
the nozzle as it leaves the charge surface, t=t pressure 
gradient must exist along the length of the charge. 
The pressure at any point must depend on the rate 
at which gas is generated ahead of it (proportional 
to its distance from the front end of the charge) and 
the port area through which it can flow (which is 
usually the same for all points along the charge). 
Hence the difference in pressure between the front 
and rear ends of the grain depends on the total 
area of the grain and the port area between the 
grain ~tnd the motor tube. This space at the nozzle 
end of the grain acts like a seeondary nozzle, ~tnd for 
it we define a "](" which is 

"I t 1 T/, , _ l{ _ charge ::tn~a. n erna .o. - r -
port mea 

(7) 

As long as Xr is much less than KN, it is of little 
importance, but, if it begins to be too large, then the 
pressure drop along the grain also becomes large, 
and troubles appear at high temperatures. 

22.4.3 Temperature Sensitivity 

Increasing the temperature of the propellant 
causes it to burn faster because the constant {3 in 
equation (1) is a function of temperature, increasing 
by about one-third between 0 F and 140 F.• If the 
burning rate increases, so also does the equilibrium 
pressure in the same proportion according to equa­
tion (5). But this increased pressure causes a still 
further increase in burning rate, which in turn 
increases the pressure again. Thus, for a constant 
nozzle size, the variation in equilibrium pressure 
with temperature is relatively large, pressures at 
140 F being typically from 2.5 to 3.5 titnes those at 
0 F with ballistite. This large temperature sensi­
tivity is one of the primary disadvantages of ballis­
tite as a rocket fuel. Development of less tempera-

• Values of fJ for 0 F, 70 F, and 140 F for various propellants 
are tabulated in The Interior Balli8tics of Rockets.1<~ The 
change with temperature varies from 15 pe.r cent for 218B 
composite propellant to 48 per cent for JP, the original bal­
listite composition used in err rockets. 

ture-sensitive propellants will simplify the problems 
of rocket design greatly and .make possible light,er 
motors and increased temperature range. 

22.s CALCULATION OF 
MOTOR PERFORMANCE 

We have seen that the pressure in a motor de­
pends in a complicated fashion on the initial tem­
perature of the propellant (which determine01 the 
burning rate at a given pressure), the nozzle K 
(which sets the equilibrium pressure for a given 
burning rate in the absence of a pressure drop along 
the grain), and the internal K (which causes a pres­
sure drop along the grain nnd thus alters the nozzle 
J{ required). Because of the interrelation of these 
factors, a calculation of the equilibrium pressure in 
a motor can only be made by successive approximt=t­
tions. The relation of the quantities to the basic 
thermodynamic properties of the propellant has 
been extensively investigated by the propellant sec­
tion of the project, ~tnd formulas have been derived 
for calculating the pressure distribution in a J.notor 
by means of certain simplifying assumptions .10 

•
3 

Calculations based on them must usually be altered 
by experimental correction factors to take aecount 
of such complications as heat turbulence and beat 
loss to the surroundings, which are too difficult to 
treat analytically. Practical calculations of motor 
pressures, then, arc made with semiempirical rela­
tions based on the theory. For convenience, it is 
desirable to have the relations in graphical form. 
For ba.llistite, sueh graphs have been published in 
reference 7, and their use is illustrated in the fol­
lowing sample calculation. Of neeessity, they repre­
sent rather ideal conditions, but for the calculation 
of maximum pressure they have been found to be 
fairly reliable. 4 

As an example of the calculations involved in 
designing <t grain, let us suppose that we arc re­
quired to meet the following specifications: 

1. Motor tube 4.625-in. inside diameter; 
2. Velocity 1,000 fps with 100 lb of metal parts; 
3. Maximum front pressure 3,000 psi at 130 F; 
4. Burning time 0.70 second at 70 F. 

We shall for simplieity use a eyliiidrical grain in­
hibited on the ends, even though, as discussed in 
Section 22.6, such a simple shape is seldmn used. 
The alterations in the method of calculation for 
other gmin shapes are relatively obvious. For the 
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various ballistic constants, we shall take the values 
determined for .JPN ballistite. 

Calculation of Powder Weiaht. Assuming a gns 
velocity of 7,000, we have from equation (G) of 
Chapter 21 

100 X 1,000 
7 '000 ~ .500 

13.3Hi. (8) 

C olwlalion of Burn'i·ng Ti·me. The burning time 
will depend on the pressure at which we decide to 
operate the motor and the web thickness. Sinec 
neither of these has been determined, we have in­
i:mffieient data to find the burning time. If we look 
at the curves of pressure vs nozzle K and internal K 
in the range of K's which we expect to be using, we 
will find that pressures at 70 li' are slightly less 
than half those at 130 F. Hence, provisionally, we 
take a pressure of 1,37.5 psi. The burning rate is, 
then, 

n = /3C,~oo)" = o.c:i51 x 1.375 11
•
7 = o.s14ips (9) 

so that the web thicknct:>s it:> 

w = 2Btb _, 2 X 0.70 X 0.814 _, 1.14 in. (10) 

Calcttlat·ion of (}rain Sha71e. The mas~ of a cylin­
drical grain is given by 

11"(d'' ·rno = - " 
4 

(11) 

where pis the density (for ballistite, approximately 
100 lb per eu ft or 0.058lb per en in.), Lis the length, 
and a ancl d arc the inner and outer diameters re­
spectively. In terms of the web thickness w, this is 

or 
mo = 1rpLw(d - ·w) 

L(tl ~ w) = ?no 
1l"p'W 

L(cl - 1.14) = .-....... 13.3 .... = 64.:3. 
Ll4?T X 0.058 . 

(12) 

(1:3) 

(14) 

Choosing either the outer diameter or the length, 
we can calculate the other from this equation. Since 
we would like to make the motor short in order to 
save weight, the diameter should be made as large 
as possible consistent with good performance. This 

is limited by the necessity for leaving adequate port 
area for the gas which is generated on the outside 
surface, but the maximum permissible diameter 
would have to be determined by experiment. The 
factors involved are plotted in Figure 4, including 
the grain length, the internal K for the motor as a 
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FIGURE 4. Relation of length to internal K for 
typical tubular grain with no radial holes. 

'vhole and the internal IC's for the centra1 perfora­
tion and the outer annular channel separately. 

The internal K's are calculated as follows: 

Inner ehannel: 

= 1roL = grain area; 

A.p = ~o~ = port area; 

K (inner) 

Outer channel: 

4L 
ll 

(1.5) 
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where D is the internal diameter of the motor 
tube. 

r:~ . t . 4dL 4dL 
.A (ou er) = D2- d2 = 21.4 - d2' (16) 

Motor as a whole: 

Kr = ~_4_L_,_(d_. +...:__a_,_)~ 
21.4- (d2 ll2) 

(17) 

·The ballistically idcnl grain might be thought to 
be the one in which the two intcrmtl K's were equal; 
from the graph it would have ~•n external diameter 
of 3.89 in. and a lcngt,h of 23.3 in. A saving of 3 in. 
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performance of grains of a given weight with various 
lengths, diameters, and web thicknesses arc sum­
marized in The Interior Ballistics of Rockets ,1' 
reference 6. 

For the purpose of the present example, let us 
assume that we have decided on a grain 19.6 in. 
long, since it is clear from the graph that this is 
close to the shortest possible grain that will work. 
This choice determines the dimensions of the grain 
to be 4.42 in. by 2.14 in. and gives internal K of 
80, which is convenient for calculation. 

It remains to calculate the nozzle throat diameter 
r<Nuired to give a front pressure of 3,000 psi at 
130 F. From t,he graph in Figure 5, 1 a nozzle J( of 
202 corresponds to this pressure when Kr 80. 

Since the grain's burning area is 

As =11-L(d+ o) 19.6?r(4.42+2.14) =404 sq in., (18) 

the nozzle throat area is 
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FIGURE 5. Graph of front pressure vs nozzle K 
for 130 F. Time = 0.02 second. 

or more in length can be made, however, if the 
resulting high value of the internal K for the annular 
channel does not cause trouble, as in fact it does 
not. 5 The calculation of K (outer) assumes that all 
the gas moves town.rd the re~tr of the motor. Actu­
ally, of course, if the K (outer) is much higher than 
[( (inner), the gas generated near the front of the 
outer surface will move forward and escape through 
the central perforation, thus effectively lowering the 
K (outer) and increasing the K (itiner). Kr is, 
therefore, the impOlt~<nt design parameter. The 
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FIGURE 6. Graph of pressure difference between 
front and nozzle ends vs nozzle K for 130 F. 
Time 0.02 second. 

'l'his requires a single nozzle l.6 in. in diameter or 
multiple nozzles of correspondingly smaller size. 

Further information about the grain's performance 
can be gotten from the graphs of Figures 6 and 7 and 

1 Figttre 5 is taken from reference 7, which gives similar 
curves for front pressmc, nOl!!l!!lc pressure, and pressure dif­
ference as functions of l{N and of temperature. 
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also from reference 7. For example, the pressure 
drop along the grain at 130 F is 225 psi, giving a 
total force on the grain 

F = t:.P X A-end t..P X i(d2 - 52
) 

= 2,640 lb. (20) 

Front end pressures will be slightly higher thnn 
those read from Figure 7 for KN = 200 and Kr = 
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FIGURE 7. Graph of front pressure vs tempera­
ture for I(, 200. 

80; at 70 and 10 F, tlwy arc approximately 1,350 
and 760, respectively. The former value is close 
to that assumed in calculating the burning time at 
70 F, so that calculation was correct. 

2:~.6 TUBULAR GRAINS OJ? 
FAST-BURNING PROPELLANT 

Despite the theoretical advantage of the cylin­
drical shape, it is preferable in practice to depart 
slightly from it in the interest of loading eon~ 

venience. The first rockets developed by CIT had 
cylindric~tl grains which were held in the center of 
the motor tube by plastic tabs cemented to the 
grain. The extra operation involved in attnching 
these tabs can be eliminated by extruding the pow­
der with three ridges extending beyond the cylin­
drical surface and fitting closely the inside dinm~ 

eter of the motor tube. :Most CIT rockets use 
grains of this shape. 

If a tubular grain of ba1listite is fired statically 
so that a reeord of its pressure-time history ean be 
obtained., the eurve typieally looks like the solid 
line in Figure 8, with n marked pressure peak near 
the middle of burning. Numerous experiments 1"· 8 

have demonstrated that the irregularity of the 
curves is caused by unstttblc burning in the central 
perforation which causes very large stresses on the 
grain, and that it can be eliminated by at least 
three devices: 

I . Drilling n sufficient number of radial holes 
through the grain joining the central perforation 
with the outside (see Figure 9); 

2. Inserting in the central perforation a loose­
fitting rod of some material which will ren1ain in 
place throughout the bmning; 

3. Making the central perfonttion irregular in­
stead of circular in cross section.9 

Of these nltcrnatives, only radial holes hnve been 
used in service rockets. Rod stabilization has been 
avoided because it introduces more complexities 
into the design and the loading than do the radial 
holes. Noncircular perforations upset the balance 
between the rates at whieh the internal area in­
ereases and the external area dccrenses, and henee 
result in less satisfactory pressure-time curves, a 
disadvantage which is not serious. 

Virtually nothing is known of the mechanism by 
which these three de1-ices stabilize the burning. 
Consequently, if one is designing a grain with radial 
holes, he must determine the optimum number, size, 
and spacing by trial and <~rror. Numerous experi­
ments at CIT have yielded a number of general 
rules which are summarized as follows:11!: 

1. Two or more holes in a given plane at right 
angles to the axis of the grain have no more stabiliz­
ing effect than a single hole at the same point. 

2. The stabilizing effect of ~• hole is slightly de­
creased if the diameter of the hole is made very 
small in comparison with that of the axial perfora­
tion. However, increasing the diameter of the 
radial hole beyond 0.4 times that of the axial per­
foration does not add. to the stabilizing effect. 

3. Critic~tl spacing between radial holes appears 
to be nearly independent of web thickness and 
diameter of axial perforation, but is a function of 
powder eomposition and increnses lotS heat of explo­
sion and burning rate decrease. Thus for ballistite, 
the "hottest" powder in general use, the maximum 
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permissible spacing is about 1 in., while for the 
slow-burning German propellant it is at least 10 in. 
so that many grains require no radial holes at all. 

4. The exact arrangement and position of the 
holes is of no importance, except that the stabilizing 
effect extends only over the region of the radial 
holes, which must therefore be distributed along the 
whole length of the grain. 

If the web thickness is greater than the radius of 
the hole, as is always the case, the effect of a radial 
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seen by consideration of an example, the 2.5-in. by 
0.4-in. grain once proposed for the 3.2.5-in. AR 
motor. 
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FIGURE 8. Effect of number of radial holes upon performance of tubular 3-ridge grain (1.7 x 0.25-in., 
11.4-in. long). 

hole is to increase the surface area· at the beginning 
of burning, sinee the area of the sides of the little 
cylinder of powder removed is greater than that of 
the ends. At the end of burning, the situation is 
reversed, and the addition of radial holes decreases 
the surface area. Thus radial holes introduce a 
regression into an otherwise neutral-burning tubular 
grain. With the . web thicknesses which have 
usually been used, this effect is not objectionable 
because it is partially compensated by the tendency 
of the burning rate to inc1·ease as burning proceeds/ .. 
so that the resultant regression is slight. The effect 
becomes large with thick-webbed grains, as is easily 

At the end of burning, the %-in. holes have in­
creased to 1.2 in. in diameter, and nineteen such 
holes in a 20-in. grain seriously reduce its ability to 
withstand the acceleration forces. 

Tubular grains with radial holes have not, in 
fact, been used where thick web has been required. 
A typical tubular grain is the Mk 1, which has been 
used in the 4.5-in. BR. It is a thrce~ridge tube 1.7 
in. by 0.6 in. in diameter and 11.5 in. long, having 
twelve }/,[-in. radial holes and neither end inhibited. 
Because of the ridges, radial holes, and uninhibited 
ends, the burning area decreases from an initial 
value of 98.9 sq in. to a final value of 66.4 sq in., or 
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ing oO'cct of the holes cxtcnd8 only to their immcdi~~tc vicinity. 

33 p<~l' ('(11\t . or this, 7 l)('r (' ( ' Ill i~ thl(' (() 1lu• cfictt 
of the rid~:cs, 17 per cent to the r:\dial holes, :m<l 
I) per CCIII to I he end~. The chnn~c or burn in~ <MC 

a!' tlw r('nd ion proceeds introduces n compcns:.\tion 
of :\bout 2!i Jl<'r cent . howcwr. 'o thnl the pressure­
tim<' ('urvcs nrc onJ~~ very ~li~htly rcgre~sive. 
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22.7 OTHER GRAIN SHAPES 

Various shapes other than tubular have been 
used for propellant grains.g These fall generally 
into four categories: internal-burning, end-burning, 
external-burning, and multiweb grains. Among the 
external-burning grains (which, to dn,te, have been 
the most important) arc included slab-shaped, cru­
ciform, and three-, six-, and eight-armed grains. 
The cruciform is the only one of these now in general 
usc, and, since it illustrates the problems encoun tercel 
with any exterior-burning grain, we shall confine 
our discussion to it. CIT experience with the other 
shapes h is summarized in The Interior Ballistics of 
Rockets.u 

22.7.1 Crucifor1n Grains 

In any external-burning grain, the area decreases 
steadily throughout burning, and it is necessary to 
inhibit the burning of certain portions of the grain 
if an even approximately neutral burning is to be 
achieved. The inhibiting process, although costly, 
time-consuming, and generally a nuisance, has the 
advantage of providing a large measure of control 
over the shape of the burning curve. Thus on the 
cruciform grain, naturally regressive when unin­
hibited, a very progressive burning curve can be 
achieved (sec Figure 3) by inhibiting the outer cylin­
drical surface. at the ends of the arms along their 
full length. A neutral burning curve is obtained 
when approximately 45 per cent of the curved 
surface of the arms is inhibited in the proper way. i 

Cruciform grains have been used in preference 
to tubular (l) when large powder weights have 
been required as in the aircraft rockets, (2) in spin­
ners where the fact that the inhibited portion re­
mains in contact with the motor wall throughout 
burning makes them better able to withstand the 
centrifugal force, and (3) in cases where longer 
burning times were desired than available cylindrical 
shapes would provide. 

g Dimensions of most of the shapes extruded by CIT may 
be found in reference 10. Complete information on all grains 
recommended for service use is given in reference 11. 

h See also the following reports: on 2. 74-in. cruciform: ref­
erences 12 and 13; on 1±.2-in. cruciform: reference 14; on 
hcxaform: reference 1.5; on triform: reference 16. 

'For reasons which are not understood, the pattern of the 
inhibiting strips is ctitical. The effect is probably akin t,o that 
which causes unstable burnin!f in tubular grains without 
radial holes. Experiments with various inhibiting p:~tterns 
are sun1marizcd in The lnten:or Ballistics of RocketsY 

22.7.2 Internal-Burning Grains 

A tubular grain \Vhich burns only in the central 
perforation is normally very progressive but can he 
rendered neutral by putting longitudinal grooves in 
the central perforation so that it is roughly gear­
shaped in cross section. Research on internal­
burning grains has been very limited until the last 
few months, but they hold considerable promise 
because of the high loading density which they 
provide and because of the elimination of problems 
associated with heating of the motor tubes. The 
inhibiting problem is considerably more severe here 
than with external-burning grains because of the 
large surface area which must be inhibited. If the 
propellant can be molded instead of extruded, a 
good way to make a charge is to mold it in the motor 
tube in direct contact with the tube walls. 

22.7.3 End-Burning Grains 

End-burning grains are similar to internal-buming 
grains in their design problems. They can be used 
when extremely long burning times and relatively 
small thrusts are required. CIT experience with 
them is summarized in The Interior Ballistics of 
Rockets.1h 

22.7.1. Multi web 

Two types of multiweb charges were investigated 
in the early days: two concentric tubular grains and 
the "4-spoke" or "okra" grains. They were designed 
primarily to get shorter burning times without sac­
rificing loading density. No service requirement 
materialized for such charges and no summary of 
CIT experience with them exists. They are dis­
cussed in anumber of reports, howevcrY·18 

2 2 ·8 LOW-TEMPERATURE PERFORMANCE 

As the temperature is decreased, the effective 
gas velocity of a rocket motor decreases, the reaction 
pressure decreases, and the burning time becomes 
correspondingly longer. In some applications these 
factors may so decrease the accuracy or range that 
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the rocket ceases to be tactically useful, but ordi­
narily the specified lower temperature limit is deter­
mined by the temperature at which the motor 
ceases to burn continuously. 

In the open air, a stick of ballistite will, of course, 
burn at atmospheric pressure. Inside a motor, 
however, where no oxygen is present after the pro­
pellaut gas has swept the air out of the chamber, 
the chemical reaction iuvolved in combustion is 
somewhat different and will not proceed if the pres­
sure drops below a minimum which depends on the 
propellant composition but is usually several hun­
dred pounds })er square inch. At lower pressures, 
the rnte of the renetiou is so low and the transfer of 
heat from the gas to the solid grain is so poor that 
the grain surface is not kept warm enough and 
burning may stop. When this happens, the par­
tially burned grain can sometimes be recovered, 
but more often the motor walls, grid, and other 
metal parts in contact ·with the grain have been 
heated enough that they reignite the grain, whieh 
burns more or less normally for another period and 
perhaps again goes out. This process is usually 
called "chuffing" and motors htwc been known to 
"chuff" as many as fifteen times. The time between 
successive chuffs may vary between half a second 
nnd several seconds, and in rare instances periods of 
more than a minute have elapsed between the first 
burning period and the first chuff. Chuffing is a 
serious matter not only because it will cause the 
rocket to miss its target completely, but especially 
because the first period of thrust may be just suffi­
cient to free the rocket from the launcher and subse­
quent chuffs may send it in an unpredictable direc­
tion with nearly its normal velocity so that the 
fuzes may be armed. 

Intermittent burning of this type is caused pri­
marily by too low a pres~>ure. Chuffing is assoeiated 
with low-temperature firing only because sufficiently 
low pressures are not otherwise obtained normally. 
Hence the lower temperature limit can be made as 
low as desired by operating the motor at a high 
nozzle K so that the pressure is kept up. This can 
usually be clone only at the expense of high-tem­
perature performance, so that the choice of nozzle K 
depends partly on the relative importance of the 
two ends of the temperature scale. By the use of a 
blowout disk (see Chapter 23), it is possible to 
operate at high K for low temperatures and low K 
for high temperatures and thus extend the ·working­
temperature range at both ends. 

22.9 

22.9.l 

MOTOR FAILURES AT 
IDGH TEMPERATURE 

Types of Failures 

Failures of nonrotating motors at high tem­
peratures are of three principal types. 

1. On low-performance motors where the grain 
is subjected only to small forces, failure may occur 
bceause the normal operating pressure of the motor 
at that temperature is too high for the strength of 
the metal parts. Since motors are usually designed 
with a safety faetor of 1.5 or 2 at 120 F to 130 F, 
the temperature required for this type of failure is 
high-perhaps 160 F to 170 F for ballistite. Failure 
occurs (either at the weakest part of the motor (for 
example, the nozzle is frequently ejected) or at the 
front end of the tube where the pressure is highest. 
It takes place very early in burning before the 
rocket leaves the launcher. 

2. On long-burning-time high-performance rock­
ets, the motor tube may be so weakened by heat 
that it will burst at relatively low pressure, opening 
up just nhead of the nozzle, where the heating 
effect is greatest. Such bursts are not very violent 
and can only occur at almost the end of burning. 

3. Most frequently, motor failures result from 
collapse of the grain, the sudden increase in burning 
area sending the pressure skyrocketing. Such bursts 
are usually extremely violent, at times amounting 
almost to a detonation, and occur sometimes imme­
diately upon ignition, imparting almost no velocity 
to the head, sometimes a few feet off the launcher, 
and sometimes near the end of burning when the 
web has become thin. Whether the front end or 
the nozzle end of the tube fails seems to depend on 
the motor. In many eases the tube opens up along 
its whole length. Grain failure is the eause of almost 
all bursts of high-performanee motors and a eon­
siclerable proportion of those of low-performance 
motors. ·with some powders which are exceptionally 
brittle when cold, grain failures may occur at low 
temperatures. In the category of grain failures arc 
included also the bursts of spinners near the end of 
burning because of fracture of the propellant by the 
centrifugal force. 

In addition, motor bursts may result from fnulty 
design, such as insuffieient radial holes, incorrect in­
hibiting pattern, or insufficient spaee at the front 
end of the motor so that the igniter fraetures the 
grain. We shall consider only the failures of rea­
sonably well-designed motors. 
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22.9.2 Stresses on Grains 

During burning, the propellant grain is subjected 
to longitudinal compressive stresses from the fol­
lowing sources: (1) difference in pressure between 
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FIGURE 10. Compressive stress in Mk 13 cruci­
form grain, 50 per. cent burnt. 

front and nozzle ends of the grain, (2) skin friction 
between the flowing gas and the grain, (3) impact 
of the fl.owing ga,s on projecting podions of .the 
grain, and (4) acceleration of the rocket. All these 
types of stresses increase with increasing tem­
perature, types (l) and ( 4) very markedly. In 

TAHLFJ 2. Total eompressive stress acting on Mk 13 
propellant grain in fh·ing at 140 F. 

Per e.ent 
of grain 
burned 

0 
lO 
29 
48 
67 
86 
01 
95 

Total stress (psi) 

Static 

246 
164 
110 
96 
90 

101 
127 

Flight 

441 
364 
282 
237 
214 
208 
219 
245 

---------------------~ 

motors of orthodox design, hnving the grain sup­
ported at the rear end and nll the gas flowing toward 
the rear, all the forces act in the same direction, 
and the maximum stress in the grain occurs at the 
nozzle end. The forces are discussed in greater 
detail in The Interior Balli8tic8 of Roclcet8, 1 from 
which Table 2 and Figure 10 are taken, and in 

i·eference 19. "l'hese figures represent conditions 
for the Mk 1:3 grain used in the :3.25-iil. AR motor. 
rrhe discontinuities in the curve of Figure 10 ate 
due to the localized impact forces on projecting 
portions of the grain at the front end of the in­
hibitor strips (see Figure 11). It is seen that the 
most important forces :ue the pressure differential 
and the acceleration. To reduce the former, it is 
necessttry to reduce Kr, but, for a given propellant 
shape, K1 is proportional to the grain weight and in 
high-performance motors is necessarily large. Un­
fortunately, Kr increases slightly with increasing 
temperature bem-wse the powder has a larger coeffi­
cient of expansion than the motor. High accelera­
tion also is usually associated with high-performanee 
motorH, so that obtaining good performance at high 
temperatures is the most difficult problem in design­
ing sueh a motor. 

22.9.S Mechanism of Failure 

The mechanism by whieh p;rain failures oeeur is 
discussed in The I nlerior Ballistics of Rockets .u 
"When burning starts, the compressive stresses on 
the grain cause it to become shorter [tnd fatter, 
bulging particularly at the nozzle end where the 
stresses ttre greatest. The bulging decreases the 
port area around the grain and hence causes the 
pressure drop to become still larger. The amount 
of bulging is cletenninecl by the clttstic modulus and 
Poisson's ratio for the propellant. A "strong" grain 
will bulge only slightly and equilibrium will be 
reached at n higher pressure than normal because of 
tho higher K1;i but a "weak" propellant will bulge 
so much that ttn unstable eondition results, higher 
front end pressme causing more bulging which in 
turn eauses still higher pressure. Thus the effect is 
virtually as if the nozzle were closed, and the pres­
sure quickly builds up to a value which will fraeture 
the grain and burst the motor. It ean be seen from 
this analysis that the ultimate compressive strength 
of the propellant is of secondary importttnce, but 
the ela,stie modulus and Poisson's ratio primarily 
determine the minimum value of the pressure drop 
at which instability begins.k 

At the end of burning, a grain fails because it 
becomes too slender relative to its length to with-

; There is some evidene.e that oscillations of the grain about 
its new equilibrium shape can occur"" 

k Tests of the strength of various propellants are sum.m.arized 
in referenees 21-24. 
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~t:mel the forces principally tht• lll'cclcrntion force 
-aucl huel:ling OCC\ll$. C&ually 011' e'OIInp:<(' dnt•• 
not hllrl'l llw lC!Oior hut mcrd.v puts :c ~han> peak 
at t II<.· r-nd of the })H!SSUl't:~-t imr ('III'V<'. I n('a·easing 
ttw at•·t11<'mt.iou moves fhc- pNtk doscr tu thC' h(>giu .. 
nlng \l f hm·n i n~ so that. mol'f' p<.lWd('r is ejected uu­
htU'HL :wei 1 h<' cA'rctivc- gus velocity d••(•I'('Jtsf's . On<' 
impot'IMl rcMon for l hc helle•· p~rfomutnc~> of 
''nH'i£orm I hun tubuhu graiu~ in hi,:h-p~1formnnee 
motnN ;, I he• f:ce·t I hot I he iuhibih~l IKll'l ions of tiel' 

of the burning surfacc, lhc hnrnin~: rntc in these 
"'~tion~ i, <·on,iderabl~· ae·ct•l(•ratl'cl. wohnbly bc­
caUf.itl slH·h ('OlHiitions arc .... undueiv<· to more ra r>id 
tr.an~fcr of h(':'\L from Uw gn~ tn th<.' J(l':lin . 'l'hjs 
dl'(~(' t il'\ 1f·rmotl rrcrosive lJurninf(. '' RiuN• llw ~a~ 
vc)oeit.,v i~ ahnLyt-; higher nt t he tHJ%Zlc N'ld1 the 
hurning tcnfl, to be ra. ll'r at t hi• e•tl(l, hut tho c•ft'od 
i~ t·ompt·u~atc~cl by the pr('o:~ui'C dcp<"mleu(·e of the 
hurnin): rnle wi1lt·h tends tn mttk(' hntnin~ faster at 
th~ fronl. If thrrmio Kr K v i• liK> high, ho'w'·~'r. 
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l''1r.nu--: 11. Mk 13 crtreifot:'fll gratn, inhibited. 

fo•·nw•· (·("mt in ur lO hr snpportt•tl hy lhC' niotm· walls 
Lh rouAhon t I .nun ing. 

l u ~piun(•l ' motors~ thC" t'l'flt.rifu~n l forc·<·s t:illl :tl.so 
induc:C" ~l·flin frad m·c and bur:otl th(· l nlw, nnd i t is 
£t·...-qm'nt1y t hi~ consideration whidl litll its tJw spin 
,·clncity. Two types of failun••lul\'o hocn observed. 
.\t hitth t<"mpN·alllrc~ th(' ~pjn i~ iucrt·ll~('d hcenuse 
of till' irwl'('a$e in effeeti,·e ga> velocity, and bun;!,; 
nrrnr IICM lho l'nd of bumin~ :11 :t temperature 
whid1 eloJ'('nds prineipall~· on I he tcn•ile• •Lf(>ngth of 
1hC' pt'()pt•1hwt . Bursts ll'Hly a l~o <)erm· at VC'l'y low 
tc•utiWI':lC\U·c·toi, and hen• th('~t f.l{'l' lll to he• :ts.<.;odatcd 
not wil.h lnw ll·nsil<' SU'Nlgl h h111 wilh brilt.l("J)<'Ss of 
I hr J)l'Oilt'llfitcl. 
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GR\J.li(S 

lt i~ fre(,urntl~· fl'<]llifl'd to de~i101 n motor which 
t•ontain~ 1 tw maximum po~~ihl<' nmount of prOpf'l· 
lnnt for tlw givc•n c·nlib<'l' eitbf•r wilh a :sprcilled weh 
1 hiC'Iwe:.:~ Ol' rC"gftl'<.He~o:; vf web thirklWsA. The mo:;t 
illtpol'!nnl fue·tor limitiJ>g the· powclrt· wcll(ht is t-h() 
intc•·nnl K. We hnvc alrcacl.l' ~~rn thnt lne·ge Kr 
mt'lll1~ 1:11·1\~ force• on llw grain, but another effect 
i• invoh·e'cl whieh is J>erhal>' e<illlllly import:llll. 
\\'henei'Cr 1hc gas Rows nt high vcloe·ily o\·er part 

t hC' rrth.:ioai bt•<·OrnC's very Sl'VC'rC "'0 lhn1 the <lP· 
('rc·a:;(\tl '''c•h 1 hickncss nl the noxl.1C' rnd eon tt·ibutcs 
to the gr!l iu <·olin p~. Irt pnlt·titc i L h:t:{ lu•pu found 
thai vn luc• of Kr/ K.,. grc>Ltc•· 111:111 nbout 0.75 
tanuot. lw u.;<.'d, and for w a·vic(' rOl·kc<boi i( has not 
!wen felt clcsit·able to e•xr('()d O.tlO. Fol' CIT rockets, 
wlcie·lc hnvc 1\ _,. u.uall~· iu llw rll'ighl~>rhood of 200, 
thi' "'-''~till' upp('r lirnit or Kr at 120. Only on the 
3.25-in. ~lotor :\!k (\ w:L< this v:cluc cxe('()cicd, and 
thi-. wa~ mw of the te..'\SOtl.~ for :'b:mt1unin~ it. in 
f:tvor· of tho :'I lk 7. 

Wit h th~ s ti puhtion lhrct lhr itlh!l'n:cl J{ c::cnnot 
cxcc(·d ~t. t·<'t'Lain viduc .. it j:5 shnplt~ to plot. curv~s of 
tin• relu ti{H\S hetwecn extcn tal tlitHtH't('l', W('b t.hick­
ne:t~. l<•ngth, JH H I }(1 fr01n whkh tlu: maxiunun 
J>Q,..,ibiC' tubular gr~lin for a givt•n motnr rnlibcr can 
lx· obtained. The r:Htial bole' and suf>porting ridge' 
complitlliC lhl' ;•:clculation• con,,iclcrnbly :lnd b('nre 
:eft' u•unlly omitted from lhc mh-ululiem,, "o that 
the \'Urv<·:t c·un h(' used to show qunlitati\'e rcl:ltions 
only. A ~~a·if'~ of sm·h cun•<.\~ ~howin~ thf' f'ffcc-t (Ill 
LlU' inl (lrnn l /\ or a ('OUStfl.nt W<:tight ~l'tl il) l·:lUS.Nl 
b.v vai'.Y j np; I lw im.;ide tliu met e·r, out ~ido (lin mct('r, 
avnr~lgt• diamctm·, or web thicknf'~'l i~ J.(iv<•n in TJu.: 
[ulerior fJ111li.~tiC!l nf {(ock·ct .•. " 

1£ only lho restrict-ion ou iJlh•rnal K is e·011sid· 
e•rl'tl, our finds that tbe maximum weigh! tubular 
~rain (ur :1 .l{i\'f'n motor dinmf"fc'r i:\ oht~incd by 
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making the axial perforation as small as possible, 
the outside diameter less than. O.Ci times the internal 
diameter of the tube, and the length of the grain 
approximately 60 times its diameter. Such grains 
are not practicable, however, for a number of rea­
sons. Grains with extremely small axial perfora.tions 
cannot be made because the slender "stake" re­
quired would not withstand the forces encountered 
in extrusion without wandering. The lower limit 
is in the neighborhood of 0.1 times the motor 
internal diameter. Very Ion g grains arc not used 
becttuse of the excessive weight of motor tube 
required to encase them and because they are 
obviously ill adapted to stand up without buckling 
under the high longitudinal acceleration foroes en­
countered during firing. 

Empirically, it has been found that the heaviest 
tubular three-ridge grain of JPN ballistite which 
will perform satisfactorily at 140 F statically and 
130 F in the field has the following characteristics: 

Outside diameter 
Inside diamet.cr 
Web thinkness 
Length 

0.83 calibers 
0.13 calibers 
0.30 calibe,.s 
6.64 calibers 

Here the 11caliber" is used as a unit of length equal 
to the internal diameter of the motor tubing. This 
unit is used in nettrly all discussions of grain size 
because it enable~ the results to be expressed in a 
form independent of the actual size of the motor. 
The mttximurn grain dimensions ta,bulttted above 
have been found to be correct for 2-in. and 3-in. 
ealibers, 1 and it appears likely that they would be 
approximately correct for any caliber. Thus for a 
4.625-in. motor like the HVAH, the maximum 
tubuhtr gmin would weigh slightly less than 20 lb. 

A very useful method of representing the relation 
between grain shapes and weights is that adopted 
in reference 25m and in Figure 12. Exeept for the 
single curve marked "eruciform," all the daht in 
the table are for a single tubular grain inhibited on 
both ends and having no radial holes. If one writes 
down for the volume, burning area; t'tnd 

1 The hea·v:iest 2-in. grain which has been used is the Mk 16, 
which has dimensions 1.7 x 0.28 x 12.5 in., weighs 1.75 lb, 
and is used in the 2.25-in. subealiber aircraft rocket. Its 
weight and web thickness arc plotted in Figme 12. If this 
grain is sealed up by the factor 1.5 appropriate to a 3.0-in. 
lD motor, it becomes 2.5 x 0.4 x 18.8 in. and weighs 5.9 lb. 
This is only slightly shatter than the longest tubular grain 
which would :function in the 3.25-in. AR motor having an 
internal diameter of 3.01 in. 

m Figure 12 is copied from this report except for the curve 
on cruciform grains, which had not previously been published. 

port area of a grain and calculates the possible 
powder volume corresponding to n, particular value 
of. Kr, it is immediately apparent that all linear 
dimensions are proportional to the internal diam­
eter of the motor tube and the volume is thus pro­
portional to its cube. Consequently, one can draw 
a set of curves (dashed lines in Figure 12) giving 
the relations between length, volume, and web 
thickness (expressed in terms of dimensionless pa­
rameters) of grains having a particular Kr, and 
the curves will apply to all motors and every charge 
whose web thickness is everywhere the same and 
whose burning surface remains constant during 
combustion. The restrietion that these grains have 
dimensions which allow them to fit into the motor 
tube limits us to particular portions of the curves 
showing volume (or weight.) as it function of web 
thickness, the allowable region depending on the 
type of charge. Thus a tubular gmin cannot have 
a diameter larger than that of the motor nor an 
axial perforation smaller than zero, so that, unless 
we are willing to work at. a different value of internal 
K, we eannot. use a grain of dimensions eorrespond­
ing to a point in Figure 12 outside the area bounded 
by the curves "MAX OD" and 11ID = o." In prac­
tice, of course, one must remain within a somewhat 
more confined region, and it has been CIT's prae­
tice to use outside diameters only between 0.8 and 
0.9 times the inside diameter of the tube and thus 
keep the grains short. It is shown .in reference 25 
that all ehttrgc~s eonsisting of combinations of more 
than one tubular grain have maximum volumes less 
than that obtainable with a single tubular grain. 
In fact, it is easy to see that no other grain shape 
can approach the single tubular gmin in possible 
loading density if only geometrica,l factors a.rc con­
sidered. 

We have seen that, in practice, the cruciform 
shape gives the highest lottding density, and it is of 
interest to show its characteristics on the same 
graph with the tubular grains. One less variable 
parameter is available with cruciform grains than 
with tubular, so that a single curve is obtained in­
stead of a permissible region of the graph. Plotted 
in Figure 12 is such a curve which assumE$ (in 
aceordanee with CIT practice) that the outside 
diameter of tbe powder is 0.91 times the tubing 
inside diameter (to allow for the inhibitor) and that 
45 per cent of the cylindrical surface and both the 
ends are inhibited. The curve shows that the use 
of cruciform does not allow us to get more powder 



IGNITERS 

in a given length.n Its sole advantage is that longer 
grains of this shape can be made to perform satis­
factorily because (1) the inhibited outer surfaces 
arc supported by the motor tube throughout burn­
ing, (2) grains do not need to be weakened by radial 
holes as do tubular ballistite grains, and (3) the 
inhibitors reduce the surface to volume ratio, de­
creasing the Kr per pound of propellant. 

Also plotted on the graph are points correspond­
ing to the heaviest tubular and cruciform grains 
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0.33 na for cruciform grains. These values may be 
useful as a rough empirical rule. If lower .Kr is 
desired, the maximum weight is reduced propor­
tionately. 

22.11 IGNITERS 

The function of an igniter is twofold: to heat the 
propellant grain to ignition temperature and to 
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FIGURE 12. Theoretical maximum volume of cruciform and tubular grains as a function of web thickness 
(see Table 1 for definition of symbols). 

which CIT has found practicable. 0 It is possible to 
eonelude from the data that the maximum ballistite 
grain which ean be put into a motor tube having an 
internal diameter of Din. without exceeding Kr = 

120 is approximately 0.22 D3 for tubular grains a,nd 

"That the values of A fot· cruciform and tubulat gtains arc 
not identical results from the fact that the cruciform web 
thiekness is not strictly uniform, and a sliver is left after 
butning. 

o The points were plotted in their.· proper place with J·cspect 
to web thickness and weight (wand v). That the values of OD 
and ;>.. read from the graph are not quite correct results from 
the simplifying assumptions made in plotting the eurves. 

bring the pressure in the motor up to a point where 
grain will continue to burn satisfactorily. It must 
aceompliHh these purposes with a short nnd repro­
ducible delay P at all ternpenttures at which the 
rocket is to be used and must not subject the grain 
to excessive forces when. it ignites. For efficient heat 
transfer to the grain, it is desirable that the products 
of combustion of the igniter include an appre~iable 
amount of solids, since the radiation from gases is 
relatively lo>v. At the same time, however, some 

~'Short ignition delays are obviously of special importanec 
in aireraft roekds. 
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gaseous pl'oducts are necessm·y to increase the motQr 
prcssum r:ipidly to the desired Yalue. 

All CIT roekeis tire ignitt'd clecl.rically . Jn a 
t~·pic>ll ignite1·, n squib, app1·oximately Y, in. in 
d.inme(l~r and 72 .in . 1ong1 which consjsts of ~ c1ny 
body with n small depression ~tl one end evnl,iining 
an ~led rie bridge wire and a heat-sensitive explosive 
material, .is placed in c:onti\tt with the mnin ignition 

A 8 

biMk powder igniters giving sborter delays at low 
l<!tn)l(m\t.ure~ and lowc1· pressures at high tcmper<>­
turcs. They have not been used in service rockets, 
however, because they arc thought to be more 
ha?.trrdous f,han black pow<lur ignittws and hecun:sc 
the magnesium is ve1·y subject to surface oxidat.ion 
during stortlgC1 with resul tant deterioration jn per­
formance. Tests of nlagnesimn .. pot.assium perch lor-

.FuamE 13. 1gniter typm. {A) 2-itL brass case witl, b~keHte c1osut·e. (R) 3-in. plastic case, (C) metal case 
for 'I'in,y 'l'im (230 g capacity), (D) HVAR metal ease sho\ving inside with dips for holding :;quibs and bot­
tom and top views of assembled igniter. (Note that relative sizes arc not accurately shown.) 

charge . Originally a booster charge of finely di,·ided 
bl:1<:k powder or Aash powder was placed between 
the squib and the main chm·ge, but it was found t o 
be unnocesMry in p1·opcdy made igniters. 

Black powder, usually in J.h(J FFFG gnmul:ttion, 
h:~s been used almost. exclusively for tbe main igni­
tion charge . Ballisl ito turnings have some advan­
tages ovc1· black powder for sJ.a.t.ic-firing tests, but 
give long jgnition dcluys.26 Tests of igniters con­
tainill:g 1nixtutes of magJH~sium an<l potnssium. pCl'­
chloJ·atc" showed them to be distincUy superior to 

ate mixtures as ''squib booster for black powder 
jgniters showed a Iw,gJigibJe jrnprovcmcnt in pcr­
formnncc.~s 

The f:wLors .involved in 1mt king good ign itcl's arc 
discussed .in more detail in 'l'he lnteri()J· Ballistic.' of 
Rotket.~.tj For shod igni tion delays, it is requited 
t,bat (1) the firing cunenL be above a ccrtain mini­
mu m (nbout 2 amperes in CIT igniters) so that the 
bridge wire i> heated qu ickly; (2) J,he igni tion chuq;c 
be tightly compacted; and (:~) the igniter ease be 
strong enough t-o I'Cm~tin intact untH ~ II parts o[ the 
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charge have ignited. In the latter regard, consid­
erable care is necessary, since a strong igniter case 
will give a high pressure peak at ignition, thus re­
ducing the safety factor of the motor and contrib­
uting to high-temperature failures, and it may also 
burst with such violence as to fracture the grain. 
These problems are not serious in fin-stabilized 
rockets where there is usually adequate space at 
the front end of the motor to cushion the shock of 
the igniter's burst. In spinners, however, where 
length is at a premium, the strength of the igniter 
ease is very critical, and one may be forced to accept 
a slight increase in ignition delay in order to prevent 
grnin fracture. 

Other desirable igniter characteristics include 
case of fabrication and loading, ruggedness and 
resistance to vibration, watertightness, and the 
property of fragmenting in such t\ Wt\Y as to leave 
no pieces large enough to .o bstruet the nozzles. The 
types of igniters which have been used in service 
rockets are shown in Figure 13 and discussed briefly 
below. 

The earliest CIT E:lervice rockets contained brass 
can igniters with bakelite closures.29 A drawn brass 
can containing the powder and the squib was 
crimped over a elose-fitting bakelite disk which was 
perforated for the squib leads. The crimping opera­
tion compacted the powder to the desired degree, 
and the igniter was reasonably sturdy. Its disad­
vantages were frequent squib breakage and poor 
resistance to moisture, and it is now considered 
obsolete except for experimental work. 

Igniter cases of molded plastic have been used 
extonsi vely .1 i ,30 - 3 4 They provide good support for 
the fragile squib by enclosing it in a special com­
partment and, having threaded closures, allow the 
charge to be very firmly compacted so that their 
resistance to impact and vibration is very good. 
They can withstand complete immersion in water 
for several days. For single-nozzle ground-fired 
motors of 2-in. and 3-in. caliber, they are com~ 
pletely satisfactory. For smaller motors and spin­
ners, however, they cannot be u:scd because the 
cases, in order to be sufficiently strong, must ha,ve 
walls approximately 0.1 in. thick with numerous 
reinforeing ribs of greater thickness, so that rela­
tively large fragments are produced when the case 
breaks up, and these may plug the nozzles. The 
squib compartment is especially bad in this regard 
since it is thick and usually remains intact. In a 
single-nozzle motor, a plugged nozzle means a motor 

burst. In spinners, the primary effect is a decrease 
in accuracy, although bursts may result in extreme 
e~tses. Finners larger than 1.25 in. in diameter have 
not been made with nozzles small enough to be 
plugged by igniter fragments, but even here the 
fragments may be a disadvantage since they are 
ejected through the nozzles ttt high velocity and 
mtlJ damB,ge the tail surfaces, radiators, etc., of 
aircraft. In order that the case may open up at 
pressures small enough to do no damnge to the 
grain, the closure must be made with internal 
threads on the case. 

Igniters with metal cases can bt~ made fully as 
waterproof as those of molded plastic, are even more 
resistant to mecha,nical stresses, nrc not affected by 
nitroglycerin (ns arc some plastics), do not break 

A B 

FIGURE 14. Crimps for metal case igniters: (A) 
standard double crimp, (B) false crimp. 

into large fragments when fired, and are especially 
cheap and simple to make. The c~.ses have been 
made of 0.010-in. tin-plated ste~1l, whieh is the 
same weight as the material for ordimtry tin C~\ns; 
in fact, standard sizes of commereial cans can some­
times be used. In igniters for large rocket motors, 
it has been the practice to include two squibs wired 
in parallel, thus considerably reducing the number 
of misfires sinee squib failure is their most important 
cause. 

For finned motors, tin plate igniter cases have 
been made with the standard double crimp (A of 
Figure 14) which is used for commercial cans. This 
crimp is strong and requires considerably pressure 
inside the ease before it fails, thus giving the short 
and reproducible:~ ignition delays which are essential 
for aircraft rockets. Although they burst with some 
violence, such igniters do not injure the grain 
because of the cushioning effect of the free volume 
at the front end of the motor. Spinners, having less 
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than 1 in. between the front end of the grain and 
the base of the head, require an igniter case which 
opens up at much lower pressures, and for these the 
so-called false crimp (B of Figure 14) has been used. 

Usually it is desirable to place the igniter at the 
front end of the motor so that the products of its 

A 

3 .5-in. spinner are discussed in reference 35. It was 
made from plastic, but not being in contact with the 
grain or subject to any compression, its walls could 
be made very thin. so that no nozzle-plugging frag­
ments were produced. The igniter \VOrkcd success­
fully, but it was developed too late for service use. 

FIGURE 15. Grid types for single-nozzle motors: (A) stool, (B) box, (C) triform, (D) cruciform. 

eombustion come in conta.ct with the full length of 
the gra:in. For spinners, which are necessarily short 
and fat, rear end initiation is possible and desirable 
because the igniter can be put into a space which 
would not otherwise be occupied and need not sub­
tract from the grain length. Design and tests of a 
toroidal igniter to fit around the grid stool in the 

The size of an igniter charge must be determined 
empirically. Too small an igniter will not give 
reliable ignition at low temperature, and too large 
a one will raise the pressure considerably above the 
equilibrium pressure at high temperatures and thus 
contribute to motor bursts. With the 11.75-in. 
motor, a speeittl igniter problem arose in conneetion 
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with Hoe ~hot·k wnve ~ITett on the airt·raf~ !1\ructure> 
nod caused 11 drnot it· rcdutrion in the "ize of tlw 
ignikr dmrf:c~. ( :O:t>c ~c·l·liun 19.ii.2.) 

%:t. l2 OESICCA:\'T BAGS 

Bccau,o bulli.t ite is hygroscopic a nd it~ buming 
chumcltlristies nvc dcpcndcut on its moi~turc f•on .. 
t<'n1 , the prM:lit·0 of inscr t.ing a s mall bag of , ;1;,.,. 
gel in lht· nozzle c., i t """" was adopted for the lio·•t 
service ruoLOJ'J the A~H J ~tnd l)(!<'il!l'le standard pru .. 
t· t•durc. L"or &ma ll motors the cfficac.'· of s udo u 
dc,icennt hag is doubtful at hcsl, :uo<l lor motors 
where the prOJ><'IIant weight is several puuml;; tht• 
b!tg ct•rtainly floc. no gout!. ln the Iutter e<tsc. tbc 
moisture c~JliWity of tbc propellant t•xrcctl' thnt 
of any de>iccant btl!( oiJ>mcticablc size. so that till' 
only ""Y In lK- ~ure that the J>ropellant h:~-, the 
proper moibture N>ntent i, to lOll<! it iuto tlw motor 
w1wn its moi~ture conh•nt i.:-> correct und then :rt!al 
the motor S(l(•Urt'ly w thflt it t~nnot C"hangl•. Thu::;, 
if the !'<'U 1$ hold, I h t• dt•,i•·•·an t is mmeeess~t·y, :111<1, 
if the ><•:; Is >Jlring a lc,;k , tlw d!'i'i<·<·:>ni. i~ no~ likely 
to be equid tu tlw lnsl< of keeping the powd<· r dry. 

\\'it h t he ~dvcnt of multiple-nozzle motors, in 
whkb t h<~n· \\'ll:i nu convcu.icmt pla<..:c 1o put it) the 
desinant bn~e wn.~ ulmndoned . Probably il could 
:> lso be dispr n;cd with on mo, tof the3.25-ill. motors . 

2:%. 13 C IUDS 

The plll'JlOM' of the grid is to .<upport th(' gr:1in 
:mel allow fr<.-e :tr<e>< olthe gtls to the uozzlr. It~ 
•ht~J)<• ;, prncticlllly dict:itcd hy t he sht~J>es of the 
~train it•ell and of the nozzle, and tlte p rinciJ>ol 
pr<Jhlem in i1s d<.osign i~ to D'Hl ke it oi the right 
tbiek ne'""'' 1 hut, i t will not be too heavy or obstrut t 
the ![as Uow lou mu!'h and still be s trong enough 
"" Llw end of btn·ning to wi ths tntul the forces on i t 
despite tlw <:<>n~i o lcmblc hcat.ing and t><·osion to 
whirh it is "ubjc.ct. 

Typical g ri<l shape;; which h:we hccn used n•·c 
shown in .Pi~turt' 15. The three-legged (or some­
times lour-l¢1\'!t~• l) ~tool type and the so-ca lled box 
grid (.\ :ull1 )3 in Fip:urc 15) have bL-en u;ccl lor 
tubular grain.\! . The lorm~r onn be made of ea't 
irou or t':l>l >1~~1 . hut must still be machined on tbe 
front and n·nr ..,urf:u-e>~ and the outer diamelt•r. .-\J .. 
though the •tool j!tid otTe"' hetter support. ior the 
grain. the box 1>:<• u~ually bceu prelermd bec:m'c it 

cannot ll<> pu~ in upside down.• Box grills •• hnvc 
1)('('0 mad~ by btamping the picecs from l'ltCl"l !4trip , 
u"'"'<'tnbling them, and maebiuing to clinmct<'r. They 
<'llll ai>O be mst or >inwred. Tbe sinh•riug method 
om-·r~ 1hc itnportaut advanhlgC that 1\0 mnc:hiuiug 
il4 n<•t·CI'l~n ry, hut the pieees usual!~· h~• vr low densi ty , 
low :-;trcnglh, and cxtrrmcly liLtle erot~ic.)n r(··;;i~t:l ncc, 
1-lO tlwt, rif!id iuspect.ion of thc;m is nf'tcs::mry . 

OJ'ids for tl·iform and crucifuJ'm gr:lins in 3.25~in . 
llH>I<lrs a rc s howtt in C and J) of l"igm·c Hi. lu l loo 
c:o•c of <·xtc;!'l>al-burning grnins of thi~ tyJ)C, tho !!:•·id 
ltl\ISL perform the ndditioMI function of kt•t•pin.,; t h~ 

Frcusu: 16. End view of l\rk 13 grain t!!howing 
wells in end washer to tlt.(.'Ontmud~te grid pins. 

grain from rotating aud Hms closinl( uv th~ port 
nr<-lt. Tlw most successful method that hM ll<>on 
fou nd fnr t\sSurio.g tbls is t (J have two sh·<~l pins P\'O­
jN·tilll( ••lmve 1 he s11rface of Ow gricl anti iu<lc•xing 
into ho((•s in thP grain and its plf•.:sti(· <·utl wnshC'J' 
(~Nl F igu1'f' I 6) . ln C<lSel> wluJrc it i~ cui) Vt•nionl fl)r 
IOI\tHJ\J.{, t.hu grid hns been. C(mlPnl<ld t.n thC'I cnfl 
wn~hc•r a:.~ nn adtled !>rceaut.ion. 'The rno~i. sntis~ 
ftwtvry proc.hwi ion 1nctbods for muking cruciform 
und tri form grid~ h~tve been steel ca~ting. tot·oh 
t.·utt ing frnm plate, and CO)>pt!r-1)ra7.in)! hLminatiom:, 
:;,t:unpcd from l l-gauge sheet . 

~ l ore t'(lmplicmed grid:; a n· required for muhiplo­
grnin motor:t such a.~ T iny Tim. 

,. .\ l one lime l'Arly in World \l ar 11, the d)S(O\'t·l')' nf nnf' 
.\.SR mowr with an u~e-down grid iuiJIClltd tlli• "'\':.m,yulf: 
ur ~r·vtn\1 lhl)tl~ll.d motors_ 



Chapter 23 

MOTOR DESIGN 

By C:. W. Snyder 

23.1 INTRODUCTION 

I N THIS CHAPTER we slwJl discuss the problems 
encountered in designing the various components 

of a rocket motor and the solutions for them which 
have been used at CIT. Two cautions ,:vhich lJ,pply 
throughout this book should perhaps be. specially 
emphasized here. The rocket motors in which we 
have been interested have all been of a special and 
very similar type, namely, those having pressures 
s~ldom out of the range 1,000 to 2,000 psi at 
ordinary temperatures, burning times in the range 
0.2 to 1.5 seconds, and velocities either subsonic or 
only slightly supersonic. Hence the solutions which 
we have found must not be thought automatically 
to apply to rockets differing too much from these 
specifi.cations. Second, we must ask to be judged, 
in many cases, by our words and not by our deeds 
as embodied in service rockets, since far too often 
important design features were settled by expe­
diimcy in the war situation rather than by the ideal 
and, perhaps less frequently, they were settled on 
the basis of preliminary information which did not 
prove finally to be correct. 

23.2 TUBES 

23.2.1 Tubing Dimensions 

The size of a motor tube is ordinarily determined 
by one or both of the following considerations: it 
must fit a particular propellant grain, thus deter~ 
mining its length and inside diameter; it must fit a 
particular head, a consideration which, if it exists, 
usually determines the outside diameter, at lettst 
approximately. The accuracy required on any of 
these three dimensions is never very great. The 
inside diameter must fit the grain, but the accuracy 
with which grains can be made in practice is usually 
less than the commercial tolerance on tubing diam­
eter, especially when the tubing is made to an ID 
specification, and clearances in the neighborhood of 
:!(4 in. on the radius are not objectionable. The 
tubing diameters become particularly critical only 
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when peripheral variations in wall thickness ctmnot 
be tolerated either because of weakening the tube, 
as in the case of an ultrahigh-performance motor 
where the absolute minimum wnll thickness is being 
used to snve weight, or because of the unbalance 
introdueed there by, as in a low-dispersion spinner. 
In either of these eases, the OD, and perhaps also 
the ID, must be machined since concentricity toler­
ances, particularly on seamless tubing, are always 
rather large. 

23.2.2 Tubing Material 

For tubing material, nothing other than steel has 
been given serious considen:ttion since alternatives 
which can begin to compete in price and abundance 
do not have the requisite strength and high melting 
point. Seamless tubing is definitely preferred be­
cause there appears to be no simple ~'nd foolproof 
method for detecting a defective w"eld in a motor 
tube-except possibly by fabricating it into a rocket 
motor and firing it. This difficulty with welded 
tubing was most troublesome with the 3.25-in. AR 
motors, more than lwJf a dozen of which opened up 
at the seam during high-temperature firing, eveu 
though they had all beei1 hydrostatically tested at 
4,000 psi and the pressure during firing apparently 
did not reach half this value. It seems probable 
that this is to be explained by the more sudden 
application of the pressure during firing, since the 
motors burst b~forc having time to get warm. 

23.2.3 Wall Thickness 

For calculation of the wall thickness and tensile 
strength required, Barlow's formula is adequate, 
as the wall thickness is always small relative to the 
diameter and great accuracy is not required because 
of the large safety factor which is included. This 
formuht is · 

DP 
t = 28, (1) 
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where t and D are the wall thickness !tnd the outside 
diameter in inches, P and S ~tre the internal pres· 
sure ~md permissible tensile stress in pounds per 
square inch. It has been the practice to subject 
each length of motor tubing or each completed 
motor to a hydrostatic test at a pressure exceeding 
the maximum normal pressure at the upper service 
temperature limit by a factor 1.5 for ground rockets 
or 2.0 for aircraft rockets. (With improvements in 
rocket propellants, such large safety factors may no 
longer be justifiable.) 'The pressure which must be 
used in Barlow's formula is thus not the motor pres­
sure but the test pressure. The tensile strength 
to be used is the yield strength rather than the 
ultimate strength, since a motor is not considered 
to have passed the pressure test if it swells by more 
than a specified amount. 

Specification of the test pressure and the motor 
<:aliber determine, by Barlow's formula, only the 
product of wall thickness by yield strength. For a 
low-performance motor, because the weight is not 
critical, one usually plans to usc ordinary cold-rolled 
steel tubing, for which 50,000 psi is a reasonable 
value of tensile strength, and make the wall thick 
enough to stand the pressure. If high performance is 
required, one usually prefers to usc the highest 
grade of heat-treated steel available and make the 
wall as thin as possible to save weight. How far 
one can go in this direction depends upon the heat­
ing effect. 

23.2.4 Heating Problems 

As the propellant gas flows p~tst any· part of the 
rocket it will transfer heat to the surface mainly by 
conduction and convection. Heat will also be trans­
ferred by radiation, but with ballistite and other 
smokeless propellants the radiative transfer is so 
small a portion of the total heat transfer that it can 
be neglected. The temperature reached by the 
surface depends on the rapidity with which the beat 
received from the gas is distributed by conduction 
throughout the volume of the solid. Ultimately an 
equilibrium would be established in which the rate 
of heat transfer to each unit area of the surface 
would equal the rate of conduction away, but with 
the short burning times characteristic of C:IT rock­
ets, wo have to do with transient conditions. The 
theory of heat transfer and conduction is applied 
to rocket motors in The Interior Ballistics of Rock-

ets,1n and in reference 2. We shall consider only the 
results here. 

The time rate of heat transfer from the gas to the 
rocket's inner surface is proportional to the dif­
fcrenee in temperature between the gas and the 
metal and to the heat transfer coefficient h. The 
transfer coefficient is very nearly proportional to 
the "mass velocity" G, defined as the mass of gas 
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FIGURE 1. Tensile strength of metals at various 
temperatures. 

flowing in 1 seeond through unit area normal to the 
direction of flow.~ Thus the heat transfer cludng 
burning to a unit area is least at the front end of the 
motor, where G is small beccntse gas is practically 
stagnant, and is greatest at the nozzle throat and 
at the nozzle end of the grain, where G is greatest 
because the port area is small and all the gas passes 
by. During burning) the mt'LSS veloeity at the nozzle 
end of the grain decreases rapidly because of the 
increasing port area, and the rate of heat transfer 

• Actually it depends on the 0.8 power of the mass velocity 
through a proportionality factor which is slightly greater for 
small gas flow channels than for large. 
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to the surfaee decreases in proportion. Hence the 
inside surface of the tube reaches its maximum 
temperat,ure during the first half of the burning time 
and remains nearly constant thereafter, but the 
average temperature of the wall, which is im­
portant from the stHndpoint of strength; increases 
steadily throughout burning. 

The variation of tensile strength with temperature 
for typieH1 metals is plotted in Figure .1, taken from 
referenee 3. Since the average temperature of a 
motor tube increases steadily during burning, a 
curve of burst strength as H function of time during 
burning would have a very similar shape, with the 
scale depending upon the type of steel, the wall 
thickness, and the mass velocity. If the burning 
time is long enough, the burst strength will eventu­
ally fall below the motor pressure, and the motor 
will fail. It is thus of considen>ble importance in 
design to be able to predict the average temperature 
of the critical point of the motor wall at the end of 
burning. By using a value of h which has been 
determined experimentally from a similar rocket, 
this can be done with considerable accuracy, but 
the method is involved and will not be given 
here. 4.5 Typical results of such calculations are 
given in Tables 1 and 2. 

TAlJl,F.J 1. Effect of firing temperature on heating of 
11.75-in. rocket motor wall. 

Wall thickness, 0.280 in. 
~-------- --------------

Firing temperature (°F) 
Average reaction pressure (psi) 
Reaction time (seconds) 
Calculated m.etal temperatures at 

nozzle end of grain at end of re­
action (°F) 

Inner wall surface 
Outer wall surface 
Average 

Average temperature rise (°F) 
Total heat transferred to wall 

(Btu per sq ft) 

-10 
960 

1.40 

2000 
440 

1040 
1050 

1560 

140 
1,900 
0.70 

·:uoo 
300 

lOOO 
860 

1280 

The total amount of heat transferred to the motor 
wall is slightly greater at low powder temperatures 
than at high because the decrease in the rate of 
heat transfer is more than compensated by the 
greater burning time. At a given powder tempera­
ture, the total transffJr depends very little on the 
thiekness of the motor wall. Consequently, as 
illustrated in Table 2, the temperature reached by 
the motor tube is considerably greater for thin­
walled tubes than for thick, because of the smaller 

TABLE 2. Calculated temperature distribution in motor 
wall of 5.0-in. rocket motors at no~zle end of grain.* 

Thin-walled 
Type of motor Mk 2 Thin-walled with 

Wall thickness 0.188 
Rdractory (in.) 
Temperatures at end of 

reaction (°F) 
Inner refractory surface 
Inner metal surface 2000 
Outer metal surfa0e 700 
Average metal 1200 

Total heat transferred to 
wall (Btu per sq ft) 1 050 

* A••urned properlies: 
k 

(Btu/It · hr · °F) 
Steel 25 
Refractory 0.6 

0.120 

21.50 
1550 
1770 

1040 

c 
(Blu/lb · °F) 

0.13 
0.2 

refra.ctory 

0.120 
0.010 

3250 
900 
500 
650 

330 

p 
(lb/ft') 

490 
160 

heat capaeity of the thin wall. Whether it is possible 
to aehicvc a significant .saving in we~ght by using 
high-tensile steel and thin-walled tubes depends 
very markedly on the heating effect. Thus, in the 
example of Table 2, it would probably not be 
possible because at 1770 F no steel would have any 
appreciable strength. 

It should be noted that for a given burning time 
and mass velocity of gas, the absolute thickness of 
the wall, and not the ratio of the wall thickness to 
the diameter of the motor, is the determining factor 
in establishing the temperature. The strength of 
the motor with respect to internal pressure, on the 
other hand, depends upon the ratio of wall thick­
ness to diameter. Therefore, in small-diameter 
motors of fairly long burning times, the minimum 
wall thickness is generally determined as much by 
the heating effect as by strength requirements so 
that material of unusually high tensile strength 
offers no great advantage. With the larger units 
such as the 11.75-in. motor, a wall thick enough to 
have adequate cold strength is of ample thickness to 
keep the temperatun\ within reasonable limits, and 
considerable weight reduction can be made by using 
high-strength steels. 

23.2.5 Refractory 

The amount of heat which the steel wall must 
abl5orb can be much reduced by insulating it with a 
thin layer of refractory material. A typical re­
fractory may have about one-fortieth the heat con­
ductivity of steel, so that, :ideally, the addition of a 
very thin layer of refractory on the inside would 
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reduce the wall temperature as much as would a 
considerable increase in wall thickness, with its 
attendant weight Practically, however, 
the low conductivity of the refractory causes its 
inner surface to approach the temperature of the 
gas, and its relatively low tensile strength causes it 
to be eroded away fairly rapidly, so that its eliec­
tiveness does not approach the theoretimtl value. 
It is possible, nevertheless, to achieve a significant 
saving in weight by the use of refractory and high­
strength thin-walled tubes, as is shown by tests at 
CIT 2 and by tlw British experienec with the 
RP~3. It was not felt that,, in the taetieal situations 
for which CIT's rockets were developed, the in­
crease in performance attainable by refractory coat­
ings justified the increased eomplexity of manu­
facturing. Hence no very' extensive investigation of 
refractories was made. In the future their use may 
be desirable and will ehange many of the eonclusions 
in this book. 

23.2.6 Internal-Burning Grains 

It should be noted that, throughout the discussion 
of the heating effect, it has been assumed that the 
propellant burns on the outer surface so that the gas 
is in eon tact with the wall. Near the end of World 
Wnr II, as pressure for production slackened and 
more time was available for propellant research, 
experiments with interior-burning grains were begun 
at CIT. At the time of this wTiting, the continua­
tion of these experiments at NOTS, Inyokern, in­
dieatcs great promise for this design for high-per­
formance motors where somewhat longer burning 
times are permissible. British research on interior 
burning was already well advanced by the end of 
W oriel War II. The heating effect on such motors b 

is entirely negligible, and aluminum motor tubes 
are feasible. This change also will make a sig­
nificant differenee in the performance attainable 
with rockets of a given caliber. 

:;!3.2.7 W eldability 

It is frequently desirable to employ welding for 
attaching nozzles, fins, or lugs to motor tubes. 

b High-impulse motors, using internal-burning grains, were 
developed in small sizes at the Allegany Ballistics L~1boratory 
[ABL] under Scetion H, Division 3, NDR.C.6•7 As of Oetober 
1946, the Hercules Powder Company, operating ABL for the 
Bureau of Ordnance, had developed moton; using 100-lb 
internal-butning grains. 

With ordinary mild steel, this introduces no dif­
ficulty, but in ehoosing a high-tensile heat-treated 
steel for a high-performance motor, its weldability 
must be considered. No research on this point was 
clone by CIT, since the effect of welding on various 
types of steel is well known to metallurgists. In 
general, the very high-etubon steels undergo a 
marked eoarsening of the grain structure and be­
come brittle, so that even very small welds cannot 
be made without preheating the whole tube. For 
ex~unph\ with the N-80 oil well casing used for the 
11.75-in. AHc motor, it was found impossible to 
weld on even a row of 'Yi(;-in. studs 9 in. apart, while 
on the 5 .0-in. hioh-velocity aircraft rocket [HV AR] 
motor, using NE 8735, no difficulty was experienced 
with the considerable tack-welding required to 
attach two suspension lugs and four fin lugs. The 
diffcrcnee in composition between these two steels 
is shown in Table 3. It is easy to be overcautious 
in this regard, since a slight weakening of the motor 
tube in local spots apparently causes no trouble if 
the proper steel alloy is used. 

TABLB 3. Compositions of steels used in 3.25-in. and 
5.0-in. aircraft rocket motors (NE 8735) and in 11.75-in. 
motor (API N-80 casing). 

Element NE 873.5 N-80 
____ .... , .... Carbon ---.. ·----o"'".-:::33"'"-"""'oc-:.3::-::8:-----:0-.4~0.::0."4'3""·--

Chromium 0.4D-0.60 0.08 
Manganese 0.75-1.00 1.50 
Molybdenum 0.20-0.30 0.16 
Nickel 0.40-0.70 0.12 
Silicon 0.025 
Sulphur 0.040 
Copper 0.20 

23.2.8 Threads 

J:i'AILURES OF v THREADS 

With the exception of the target rocket whieh 
used a piston ring closure (see Section 18.5 .1), all 
CIT rockets have had threads ~tt the front end of the 
motor tube for attaching to the head, and many 
have been threaded also at the rear to take the 
nozzle. The standard V-shaped thread is not well 
suited to the requirements of rocket motors, where 
strong joints between a relatively thin tube and a 
usually much thicker piece of steel are desired. It 
has been almost universally used, however, be-

"The 11. 75-in. aircraft rocket, usually called "Tiny Tim" 
or simply "Tim" for short, was the last and biggest fin­
stabilized rocket developed by CIT. 
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cause of the much easier availability of dies for this 
shape than for any other and because all machine 
shops are experienced in cutting it. For a given 
thread depth, a V thread is weaker against a straight 
end force than, say, a square thread, but this effect 
is not importt:tnt in rocket motors since no cases are 
known to the writer in which a motor thread has 
been "stripped" in the ordinary sense. The thread 
difficulties that h~we arisen (and they were rela­
tively rare) were caused by the expansion of the 
tube· by internal pressure and aggravated, in the 
case of a V thread, by the large angle between the 

B 

Figure 2. Diagrams illustrating probable mecha­
nism of thread failures on rocket motors at high 
pressure for (A) 3.25-in. Mk 7 motor, (B) 5.0-in. 
Mk 1 motor. Arrows denote approximate pressures 
acting on various surfaces, where P is the total 
motor pressure. 

loaded faces so that a large component of the end 
thrust is transferred into radial pressure. With ex­
ternal threads on the motor tube, the pressure tends 
to make the threads tighter, and, if the piece into 
which the thin tube screws is relatively thick (as is 
usually the case), no trouble is experienced. With 
3.5-in. heads on the 3.25-in. AR motor,<~ however, 
where the thicknesses ofthe two threaded pieces are 
comparable, heads have in several cases been blown 
off by abnormally high pressures in high-tempera­
ture firing with so little chtmage to either thread 
that the pieces could be reassembled. 

The probable explanation of this phenomenon is 
as follows. Since the threads are certainly not pres-

d The combination of a 3.5-in. head with the 3.25-in. motors 
Mk 6 or Mk 7 is designated as 3.5-in. aircraft mcket [AR]. 
See Figure 4 of Chapter 19. 

sure-tight except in rare instances and some leakage 
of gas occurs, it would be expected from the high 
impedance to gas flow o£ the interstices between the 
threads that the pressure would drop approximately 
uniformly along the length of the thread engagement 
from full motor pressure at one end to ~ttmospheric 
pressure at the other. This has been confirmed 
qualitatively by a static firing experiment with the 
5.0-in. HVAR motor. The effect of this pressure 
gradient is illustrated, on a very exaggerated scale, 
in Figure 2A. 'l'hc front end of the motor thread is 
floating in a region of high pressure and hence is not 
expanded, whereas the adjacent portion of the head 
is being expanded by the full motor pressure. 1'his 
expansion allows the full motor pressure to creep 
farther along through the thread and further accen­
tuate the effect. The result is that only the threads 
at the extreme rear ~ue holding the motor and head 
together and only they will be damaged appreciably 
when the pieces separate. 

SPECIAL THREAD SHAPES 

For internal threads on the motor tube, the effect 
is obviously mu(;h worse (see Figure 2B) because 
both the internal pressure and the large obliquity 
of the loaded faces tend to expand the motor tube 
but have no effect on the heavy piece screwed into 
it. For this reason, consideration was given to other 
thread shapes for the 5.0-in. motors, but experi­
ments indicated that t.hey would probably not be 
necessary, and experience has confirmed this fttet. 
Only on the 11.75-in. and 14-in. motors,• where no 
advantages from the practical manufacturing stand­
point were realizable with V threads, was a special 
thread shape adopted. Experience with these two 
motors has indicated that the buttress thread used 
on the latter is probably the optimum thread shape 
both with regard to performance and ease of manu­
facture. The 7 -degree angle of the loaded face is 
small enough to ·be almost certainly less than the 
angle of repose between steel surfaces, so that the 
end thrust produces no slippage and expansion of 
the tube, ~tnd yet it is large enough to provide 
adequate tool clearance and allow the use of thread 
bobs of relatively large diameter. 

It is well known that maximum strength is ob­
tained when the depth of the thread is one-third 
the thickness of the tube. This rule is useful as a 

• The 14.0-in. aircraft rocket motor was a NOTS project 
initiated in 1945. 
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guide, although in most cases it is preferable to use 
a standard thread even though its depth deviates 
somewhat from the optimum. 

ALIGNMENT 

Ordinary commercial threads cannot be de~ 

pended upon to hold pnrts in tlccurnte nlignment 
because of the rcbtively huge clearances necessary 
to assure interehangeability. To eliminate this dif­
ftculty, it has been CIT's practice to use relatively 
loose-fitting threads (No. 2)-obviously desirable 
also from the standpoint of easy assembly under 
adverse field conditions-and to depend for align­
ment upon scre,ving solidly against a shoulder. The 
gas mnlnlignment (see Section 24.8) sets n lower 
limit of npproximately 1/w degree below which 
improved alignment of the rocket parts does not 
improve the performance; hence we have made it a 
universal policy that any two rocket parts must 
screw together with a maJalignment not exceeding 
this figure. With reasonable care and proper 
mt:whining setups, this accuracy is attainable in 
threading operations without increasing the cost, 
but the methods of specifying and checking it are 
difficult to establish. The specification finally 
adopted as the most satisfactory was that the thread 
seating faces (i.e., the ends of the tube) must be 
parallel to each other and perpendicular to the mean 
axis of the tube within l/zo degree and that a "go" 
thread gauge with a shoulder must seat against the 
tube ends with a gap not to exceed 0.001 in. per in. 
of diamet0l'. f 

23.2.9 Straightness 

The existence of a bow in the tubing has an im­
portant bearing on the nozzle alignment and hence 
must be controlled. On rocket motors of 3 .25-in. 
caliber and smaller, the CIT practice was to bend 
the completed motor ' so that the nozzle exit cone 
axis coincided with the center of a "perfect" head 
or of the front end threads within I/2o degree. On 

1 That no standard Kavy drawings of CIT rockets contain 
this speeification is a n~~ult of the Bw-eau ()f Ordnance rule 
that manufacturing drawings cannot spceify gauging methods. 
The usual statement, that "threads shall align within l /2o de­
gn:e'' is almost meaningless operationally and has caused con­
tinual confusion. 
~The apparatus employed for bending tubes is described in 

references 8 and 9. 

the 3.25-in. AR motors, the bend WB$ mo,de at, or 
near the front end of the nozzle (which is obviously 
where it belongs), but shorter motors were bent 
approximately at the middle for practical reasons. 

Motors 5 in. in diameter and bigger were not 
practicable to bend, so alignment was secured by 
speeifications on the tubes and nozzles and their 
threads septlrately. 'l'ubing lengths in which the 
bow was excessive were straightened prior to 
machining. 

23.2.10 Reaction with Propellant 

Because corrosion of steel is very rapid in contact 
with smokeless powder, it is necessary to prevent 
the grains from touehing the bare motor walls. This 
has been done by painting the inside of the motor 
tube either with standard Navy projectile-cavity 
paint or with clear ethyl cellulose lacquer. The 
lacquer is probably preferable because it gives a 
smoother and harder finish. 

23.2,11 Spinner Motor Tubes 

Only two important factors enter into the design 
of spinner motor tubes which do not appear with 
finners. The first is the requirements of the bourre­
lets. On the three calibers of spinners which were 
tested by CIT, three types of bourrelet were used. 
Five-inch spinners had the bourrelets on the tube, 
which was machined full length on the outside. On 
the 3.5-in. spinners, the rear bourrelet was the 
nozzle ring, and the front bourrelet was the rear of 
the head, which was slightly larger in dian1eter than 
the rest of the head. Some experimental 2.25-in. 
spinners were of uniform diameter over the whole 
length, having no bourrelets. 

For barrage or general purpose spinners, any of 
these methods is probably .satisfaetory. The dif­
fieulty with uniform diameter rounds is that the 
tubing is never straight. If the outside of the tube is 
machined, the stress relief resulting from the ma­
chining accentuates the bow in the tubing and 
mnkes the use of bourrelets necessary for reasonable 
accuracy. 

In the development of the aircraft spinner, there 
was some evidence that a very high degree of accu­
racy of the bourrelets is necessary (maximum ovality 
not more than 0.002 or 0.003 in.) to obtain minimum 
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dispersion. . Like. all questions of accuracy, how­
ever, it is difficult to settle, and research into the 
causes of spinner dispersion did not reach the point 
where any general rules could be stated regarding 
permissible tolerances. 

The second problem peculiar to spinners is the 
centrifugal force. Its effect is a peripheral tension 
in. the tube which acts like totn internal pressure. 
'l'he magnitude of this pressure is easily calculated 
by considering the centrifugal force on unit area of 
the tube and is given in absolute units by 

p = pr'l82 • (2) 

If we take the density p to be 7.3 g per cu em, 
measure the radius r and thickness tin inches, ~1nd 
specify spin velocity s in revolutions per seeond, 
this is 

P = 0.027r-t.s2 (in psi). (:3) 

The fastest spin rocket developed by CIT was the 
5.0-in./14 GASR Model 39A, having a maximum 
spin at 70 F' of 309 rps, which gives for the pressure 
equivalent to the centrifugal force approximately 
840 psi. Apparently the effect of centrifugal force 
on the motor tube. becomes important only at ex­
tremely high spins, but its effect on powder breakup 
does cause motor bursts as has already been noted. 

23.3 NOZZLES 

The functions of a rocket nozzle from the view­
point of interior ballistics has been discussed in 
Chapter 21, where it was shown that the important 
characteristics of a nozzle arc its throat diameter, 
which determines the equilibrium pressure of the 
motor, and its expansion ratio, which deterrrunes 
the amount of additional thrust which can be wrung 
out of the gases during their expansion. This addi­
tional thrust, expressed quantitatively by the nozzle 
coefficient CN is determined in practical CaSeS by the 
expansion ratio, since the divergent angle of the 
exit cone is never made so large that its effect is 
appreciable. Obviously, since the gas in the throat 
is .moving with. the velocity of sound, a nozzle ·with 
a 45-degree half-angle of divergence would have a 
very low nozzle coefficient regardless of its ex­
pansion ratio, since the gas could not expand 
rapidly enough to touch the exit cone at any point. 
Half-angles from 6· to 15 degrees have been used, 
:;mel little is known of the behavior of more rapidly 
diverging nozzles, although it is probable that they 

would give decreasing accuracy as well as decreasing 
thrust. 

The ideal interior contour of a nozzle is deter­
mined by the desire for maximum accuracy and 
minimum erosion. Both these considerations favor 
very long nozzles with gradmLlly tapering entrances 
and exits. It has been repeatedly demonstrated 
that whenever the gas is required to change its 
direction abruptly, local erosion is severe. On 
accuracy, the evidence is less clear-cut, but it ap­
pears that the exac:t contour of a nozzle is unim­
portant provided that (l) it possesses axial sym­
metry and (2) that the flow of gas delivered to it is 
uniform .10 In practice, however, the gas flow to the 
nozzle is not uniform because of the complicated 
shapes of grains and grids; henee longer nozzles 
give better accuracy because they have more time 
available for stmightening out this nonuniform 
fl. ow .u, 12 

Considerations of spaee, weight, and ease of fab­
rication dictate that nozzles are always made short 
and with simple contours. Thus the exit portions 
are always conical, and the entrance is a combina­
tion of straight lines and circubr nrcs. It has never 
been possible to obtain a clear correlation between 
dispersion and any characteristic . of the entrance 
portion of the nozzle other than its alignment. The 
varied shapes which c~xist have resulted from con­
siderations of manufacturing methods, necessity for 
fitting grids, and esthetics. 

28.8.1 . Nozzle Types 

It is difficult to lay down any very useful general 
rules for deciding which type of nozzle is preferable 
for a particular rocket. In CIT's case, the choice 
tended to be influenced greatly by the type of 
machine tools that were available to us at the time, 
since the project was doing both design and pro­
duction. For fin-stabilized rockets, the basic choice 
is between single nozzles and multinozzles. Single 
nozzles are obviously the choice for small motors 
(2.25-in. and smaller) because they are simpler and 
cheaper to manufacture and because, with multiple 
nozzles, each IWzzle would be so tiny that its erosion 
would be large. In the large calibers (5.0-in. and 
larger)the advantage in ease of manufacture prob­
ably lies with the multinozzle and three other ad~ 
vantages become important: 

1. The possibility of having a central nozzle with 
a blowout disk, thus increasing the safety at high 
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temperatures and grea.tly extending the usable tem­
perature range;h 

2. A considerable saving in length and perhaps a 
slight saving also in weight, although the latter is 
uncertain sinee no single-nozzle large motors have 
been made; 

3. A decrease in dispersion resulting from the 
averaging out of "gas malalignment" between the 
various nozzles. 

In the intermediate sizes (3 .25-in.), the choice is 
difficult. That only single nozzles have been used is 
an indication not of their superiority but of the fact 
that the advantages of multinozzles beeame apparent 
gradually during the existence of the project. For 
the 3 .25-in. AH motor, for example, the abandon­
ment of the single-nozzle design in favor of multi­
nozzle was rceommendcd to the Bureau of Ordnance 
by CIT early in 1945, and a thorough investigation 
would probably reveal that some of the other rock­
ets of this caliber could be improved by the change. 
The best argument for multinozzles-the blowout 
disk-is, however, less cogent for low-performance 
rmd nonaireraft roekets. 

23.3.2 Single Nozzles 

The simplest way to make a nozzle is to shape the 
rear end of the motor tube into the proper contour 
(see Figure 4A). Such "integral" nozzles have been 
used extensively by the Army, whose rockets have 
relatively thiekcr walls than CIT's, and were used 
on several early rockets. In some instances, nozzle 
and tube were made separately and butt-welded 
instead of being formed from a single piece. On the 
target rockets they were satisfactory because the 
accuracy was almost completely controlled by the 
fins, but on the CWR (see Section 18.4) they were 
abandoned for accuracy rea.sons. It was neve1: 
possible to manufacture them -vv-ithout appreciable 
variations in thiekneRs around the nozzle throat. 
Hydrostatic pressure tests n and experiments with 
the yaw machine 12 showed that thcsH variations 
caused the exit cone of the nozzle to deflect under 
the pressure of the firing, thus changing the axis of 
thrust. If a really good fabrication method were 
available, integral nozzles would have important 
advantages in saving weight and eliminating several 
manufacturing operations, but it seems dear that 

1' Severa! gadgets for aehieving the Aame result with a single 
nozzle were tried but showed little promise. 

the ordinary methods of swaging and spinning can­
not make nozzles of sufficient aeeuracy, at least in 
the range of wall thickness whieh has been · in­
vestigated. 

The inaccuracy obtained with integral formed 
nozzles is largely eliminated if both ends of the 
nozzle are held firmly by a pieee of tubing so that 
the exit eone cannot deflect appreeiably. Henee 
separate formed i inserted into the motor 
tube have been used suecessfully on the majority of 
CIT rockets. They have been made rapidly and 
cheaply by a number of techniques 14 •15 with suffi­
cient aceuracy to be aceeptable, although again the 
ehief difficulty with them is accuracy. 

Nozzles machined from bar stock were used, on 
the antisubmarine rocket [ASR] and barrage rocket 
[BR], for example, before acceptable techniques for 
forming nozzles had been developed. Functionally 
they are preferable to any other, since they can be 
made as accurately as desired, but they ca.nnot 
compete in mass production ·with the formed nozzle 
exeept in small sizes where serew machines arc 
readily available. Thus in CIT production the 
formed nozzle for the 2.25-in. SCAB. i eost 75 eents 
to make and 25 cents to braze into the tube. The 
nozzle for the BR wt\s very similar, but, machined 
from bar.stock, it cost more than twice a.s much. 

ATTACH:\;IENT OF SINGLE NozzLES 

For attaching machined nozzles to motor tubes, 
two methods have been used in quantity production, 
as shown in Figure 3. The use of threads is prob­
ably not ideal because of the objection to internal 
threads on the motor tube discussed under Special 
Thread Shapes, in Section 23.2.8, and because it is 
difficult to be certain that the threaded joint is 
moisture-tight. Unless care is taken to tighten the 
nozzle firmly, it may move slightly when the pres­
sure comes on the tube, thus introducing a malalign­
ment. Kevertheless, threaded nozzles were userl 
extensively on low-performance motors and were 
satisfactory. The specification of threttd alignment 
with the seating face naturally applies to the nozzle 
threads as well as to the tube. Threads cannot be 

i In early CIT reports this type o[ nozzle is often called a 
re-entrant nozzle. 

i The latest official designation of the forward-firing practice 
rounds is "2.25-in. Fonvard-Firing Aircraft Rockets (Target)." 
In most of the literatmo they are knmvn as subcaliber aircraft 
TOckets [SOAR]. Three variations are distinguished by Mark 
numbers. See Fiwlre 7 of Chapter 19. 
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used "'ith formed nozzles because the thin wall will 
not accommodate the necessH.ry seating shoulder. 

For 1.25-in. motors, the swaging method shown 
in Figure 3B is probably the best solut,ion. The 
joint is rigid when properly made ancl is well adapted 
to quantity production. 

A ASB AND 13R 

B ALL 1,25-IN, 

MOTORS 

FIGURE 3. Methods of attaching machined noz­
zles. 

Copper brazing or silver soldering hns been used 
for most formed nozzles and for a few machined 
nozzles. A smooth joint is formed and, particularly 
with induction heating, the rate of production is 
good, and the damage to the motor tube by the 
heat is negligible because the critical part of the tube 
(just ahead of the nozzle) does :not get very hot. 
With the relat.ively thin formed nozzles it is dcsir­
s.ble that both ends fit snugly into the motor tube 
since otherwise one runs into the same warpage dif-

ficulty as with the integral formed nozzle, although 
on a reduced scale since here it wciuld be the entrance 
of the nozzle rather than its exit cone which would 
be shifted by the warpage. To avoid having to press 
the nozzle in for its full length, a procedure which 
usually results in galling the inside of the tube and 
rolling up metal ahead of the nozzle so that the grid 
does not seat properly, three alternatives have been 
used (see Figure 4).k 

1. On the 2.25-in. SCAR, the rear end of the tube 
was machined internally for the length of the nozzle 
to a diameter nominally equal to the nozzle external 
diameter, so that clearance or interference up to 
0.004 in. was possible in the most adverse cases. 
The fact that the front end of the nozzle could have 
a few thousandths of an inch freedom was accepted 
in the interest of easier production, since the nozzles 
"\Vere relatively thick in proportion to their dia.met(0rS 
and the accuracy of a practice round was not of 
prime importance. Heavy press fits were eliminated 
by selective assembly when necessary. 

2. On the 3.25-in. AR Motor Mk 7, a bead wss 
rolled or pressed into the tube so that the nozzle 
would drop into the tube loosely from the rear and 
be tight for the last one-quarter inch approximately. 
In order to meet the two requirements that the rear 
end be a press fit and that there be a small clearance 
for the silver solder, a 0.002-in. step was machined 
on the rear contacting surface of the nozzle. This 
method of attachment was evolved after consider­
::tble experience with others and is believed to be 
the best. 

3. On the VAH series 1 (3.25-in. Motor Mk 1 
et, al.), the nozzles were made as shown in Figure 4D 
bcc::tuse leaving tho tube with its full 3 .25-in. diam­
eter at the rear allowed so little airflow through the 
7 .2-in. tail that the stability of the rockets would 
have been unduly low. The same design was 
adopted for the first AR motor (3 .2.5-in. Mk 6) 
in the interest of standardization but soon abandoned 
beeause it has little to recommend it. The eom­
plicated shape was much more difficult to make than 
the bead in .the Mk 7 motor, and the reduetion of 
the tube diameter ahead of the nozzle was undesir-

k Several other possibilities were tried on Uw TIR but were 
abandoned because of increased dispersion. They are illus­
trated in reference W. 

1 The series now designated "7.2-in. retro roda:;t,s," designed 
for fu·ing backward from aircraft., has more frequently been 
called vertical anlis·ubrnarine Tocket.s [V ARI. Velocities of 17.5, 
200, 210, 310, and 400 fps are obtained with 3.25-in. motors of 
different length but identical design. See Figure 2 or Chap­
ter 19. 
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~ 

D VAR AND 
3.25-IN, AR Mk6 

FIGURE 4. Methods of attaching formed nozzles. 

able because it increased the inter:o.al K of the 
motor. On low-performance motors-Uie- change in 
internal K was not critical, but on the aircraft, 
rocket motor it gave an easily measurable reduction 
in the upper tempernture limit. A further disad­
vantage, which again is most significant for high­
performance motors because of their large nozzle 

throat, is the reduction in nozzle expansion ratio 
entailed by the swaging down of the tube. 

Because the silver solder joints were usually the 
weakest point of the motor, it was standard practice 
to give them a thrust test with a force corresponding 
to the product of the internal cross-sectional area of 
the tube by the maximum expected motor pressure 
with an appropriate safety factor. A considerably 
stronger joint can be made by arc welding, as was 
done on the VAR.'s and some others, but this tech­
nique is not favored because it leaves a rough exit 
circle. In addition to the obvious objection of the 
necessity for cleaning up the weld, the roughness 
has a more subtle fault. Since the gas is discharged 
from the nozzle at a pressure above atmospheric, it 
exerts a radial pressure on the nozzle exit cone, and, 
if the cone is slightly longer on one side than the 
other, there w·ill be a net side force which is small in 
magnitude but large in effect because of its very long 
lever arm relative to the center of mass. Tests with 
the 3.25-in. AR 17 indicated that the deflection so 
introduced WTts of the order of 2 mils per 0.01 sq in. 
of unbalanced area. 

Considerably thinner stock can be used for form­
ing nozzles if the motor pressure is given nceess to 
the annular space between the nozzle and the tube. 
On the British RP-3, the annular space is sealed 
from the inside of the motor by an obturator cup 
because it is open to the outside through the fin 
slots. The CIT practice, on the other hand, has 
been to provide ports between the annular space 
and the inside. If this is not done, the combination 

· · of. the pressure gradient betw:een the motor and the 
annular space and the setback force of the grain will 
collapse a thin nozzle at the throat. The holes arc 
placed so that any lubricating oil or cleaning eom­
pound which might be trapped in the annular space 
will drain out when the motor is stood on the front 
end, sinee otherwise it might seep out after the 
rocket is loaded and react with the propellant. 

23.3.3 Multiple Nozzles 

The first problem facing the designer of a multi­
nozzle rocket is the number of nozzles to use. For 
fin-stabilized rounds, where mal alignment is im­
portant, the choice is considerably narrowed by the 
rule that the nozzle arrangement should have the 
same symmetry as the grain so that the amount of 
gas flmving through different nozr.les is equal or at 
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least symmetrically arranged. For example, a motor 
containing a cruciform grain should have four or 
eight nozzles or a multiple thereof, whereas six 
nozzles are appropriate for a trifonn grain. That 
this rule is necessary is based on good logic and poor 
experimental evidence, but it has been followed be­
cause it turned out to be convenient to do so. The 
experimental evidence consists of (1) a firing of six 
rounds of four-nozzle CWH's with three-ridge grains 
which flew wildly for reasons unknown 18 and (2) 
the fact that the nozzles of the 5.0-in. spinners 
which are shielded by the legs of the grain do show 
less erosion in static firing than those opposite the 
openings. 

Consideration of nozzle erosion is important, 
since its effect is much greater on mn.ny small 
nozzles than on a few larger nozzles having the same 
total throat area because of the greater exposed 
surface of the smaller nozzles. The ehnnge in total 
nozzle area is roughly inversely proportional to the 
nozzle radius, so that, unless it is possible to adjust 
the progressiveness of the grain to compensate for 
the increased nozzle area (as was done on the cruci­
form charges for 5.0-in. spinners), one will not get 
good burning curves if the nozzle radius is too small. 

With these two factors in mind, one usually 
chooses the number of nozzles primarily on the 
basis of the space available in the nozzle plate. 
There is probably an optimum number from the 
viewpoint of manufacturing cost, since the lower 
unit cost of mnking a small hole is balanced by the 
larger number of them required, but this is not a 
very critical criterion. 

Multinozzles can either be machined directly in a 
nozzle plate or madeindiviclually and inserted into a 
relatively thin phtte. The former "integral" type 
has been used in finners and the insert type in 
spinners because of the disparity between the 
amounts of propellant in the two types. A glance 
at the nozzle plate of an HV AR or a Tim w:ill show 
that so much of the area is taken up with nozzle 
that if one is to have an adequate expansion. ratio 
(approximately 4 is usually considered desirable), 
there would be almost no metal between nozzles of 
the insert type, and the plate would not withstand 
the motor pressure. If oue were to make a low­
performance finner with a propelln.nt charge com­
parable to those which, bccimse of the length 
limitation, are used in spinners, he might choose 
the insert-type nozzle plate. It has been used ex­
clusively on spinners primarily bccnuse of its con-

siderably smaller weight-approximately 4 lb for 
the 5.0-in. spinner compared to 7 .5lb for the HVAH. 

In the matter of cost, the advantage lies with the 
insert nozzles because a slip in machining one nozzle 
hole does not result in scrapping the whole assem­
bly. Thus in CIT production of over 100,000 
motors, the one-piece nozzle plate (with its skirt or 
ring) for the HV AR eost $11.87. Despite its mueh 
greater complexity, the nozzle assembly for an 
eight-nozzle spinner could have been made for less 
than $8.50. 

The individual insert nozzles have been made as 
simple as possible with a cylindrical outer surface 
in order to keep the cost down. CIT purchased 
5 .0-in. spinner nozzles at 10.3 cents each. Putting 
a shoulder on them to keep them from being blown 
out by the motor pressure requires a considerable 
increase in machining cost. Copper brazing was 
universally used for holding the nozzles in the plate, 
although silver solder would be equally good, and 
other suggested methods (such as pinning) appear to 
have no functional disadvantage provided that the 
nozzles are not loose in their holes. 

23.3.4 Nozzle Tolerances 

Since nozzles are difficult to manufacture because 
of their complicated shape and this difficulty in­
ereases greatly as the specifications and tolerances 
are made more stringent, it would be extremely 
useful to be able t,o define precisely the limits within 
which inaccuracies in fabrication will not noticeably 
affect performance. This is never even approx­
imately possible in practice because in any border­
line case it is the dispersion that is in question, and 
dispersion is extremely difficult to measure pre~ 
cisely. It is influenced by sueh a diversity of faetors 
difficult to control that, unless the factor being 
considered has a very large effect (as is seldom the 
case), one can seldom say with certainty whether 
the difference in dispersion between two sets of 
field firings was the result of the factor in question 
or not. It is, of course, also true that no borderline 
between good and bad·nozzles exists, but all grada­
tions between best and worst appear. In setting 
standards of acceptance for nozzles, one is thus 
continually required to make arbitrary decisions 
with little or no assistance from the experimental 
faets. A few general principles arc available to guide 
the decision, and these are listed in the following 
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paragraphs. But beyond these, the best that can 
be done is to ttssume that the ideal nozzle is per­
fectly smooth and perfectly symmetrical in all de­
tails and to reject on principle any manufacturing 
method which gives nozzles differing more from the 
ideal than those made by another method. Thus 
hot spinning was abandoned by CIT when other 
forming techniques became available which gave 
smoother interior surfaces, even though the effect 
of smoothness was not very firmly established 
experimentally. 

The throat diameter of a single-nozzle motor 
affects only the operating pressure, but its dimen­
sion is not very critical beeause the variation in 
surface area among different grains is usually about 
± l per cent. A variation of the same amount in 
nozzle throat area corresponds to such a large vari­
ation in diameter that tighter tolerances have been 
specified on the drawings in order not to encourage 
sloppy workmanship. On multinozzlc motors, uni­
formity of nozzle diameter is required to k(•ep clown 
the malaligmnent. 

The thickness of a nozzle must be great enough at 
every point to withstand the setback force of the 
grain (and also the pressure differential in case the 
nozzle is not vented), but the uniformity of thick­
ness is important to guarantee that it does not dis­
tort unsymmetrically when the pressure and heat 
are applied and thus introduce dispersion. 

On machined nozzles it is not feasible to blend the 
entrance and exit cones into a smooth curve, and a 
short cylindrical surface is left at the throat. The 
lfmgth of this flat does not appear to influence dis­
persion if it is small compared to the throat diam­
eter, but sharp angular transitions between it and 
the conicnl portions have been avoided lest there be 
a tendency for the gas to pull away from the surface. 
The latter consideration may not be significant be­
cause a sharp angle would erode away very quickly. 

The surface smoothness is unimportant within 
rather wide limits. Certainly nothing is to be 
gained by honing or polishing the interior of a 
nozzle to a better finish than that of ordinary cold­
rolled steel (about 100 microinches) 10

a and a con­
siderably rougher finish would probably be satis­
factory except for the fact that it has not been 
possible to devise a gauge for checking the direction 
of the axis of a rough nozzle. Nothing cnn be 
learned by firing rough nozzles, since the direction 
of their alignment is not accurately known. Gouges 
or ridges or otber imperfections are to be avoided if 

they are unsymmetrieal around t,he periphery, espe­
cially if they are in the throat or exit cone. The 
entrance cone appears to have no effect on accuracy 
unless it is displaced or cocked at a considerable 
angle with respect to the throat and exit eone. The 
effective axis of the nozzle is almost exelusively 
determined by the axis of the throat and exit cone. 

Ovality of the throat or exit eone is undesirable 
for the same reason as roughness-the alignment­
checking mandrel will not determine the aetual 
effective axis of the nozzle, and, if this uncertainty 
is much greater than 1/w degree on the average, an 
increase in dispersion will result. 

For multiple-nozzle plates on finners, we have the 
additional requirement that the average alignment 
of the nozzles must be perpendicular to the thread 
seating face within the usual 1/20 degree, since on 
such large motors it is not practicable to bend the 
tube to bring the nozzle axis into coincidence with 
the center of mass. The alignment of any particular 
nozzle can be allowed to vary by sev:eral times this 
amount. A similar requirement is neeessary for 
spinners, although here the tolerance depends on 
the stability factor. That, the effect is significant in 
practice despite the averaging of the malalignment 
by the rotation was shown by a test on the 5.0-in. 
HCSR Model 134,m in which coeking the nozzle 
plate Y2 degree deflected the rocket H mils from its 
trajectory for zero malalignment. To guard against 
such a consistent error in cant angle for several 
nozzles in one pbte, a fairly close toleranee on cant 
angle was specified. 

23.3.5 Flash Suppression 

The elimination of the luminosity of the rocket 
jet is desirable in some applications for coneealment 
and is particularly important for forward-firing air­
craft rockets, where the flash may temporarily blind 
the pilot during night combat. It was found that 
single-nozzle rockets having small nozzle expansion 
ratios gave very luminous trails during the whole 
of burning, the brightness being greater at higher 
temperatures. A nozzle with a large expansion ratio 
apparently eools the gas below the flash point befOl'e 
allowing it to rnix with the air, so that the trail is 
invisible except for an instant at ignition and again 
when the grain collapses at the end of burning. 

mIn the standal'd CIT designation, HC denotes the head 
type (high-capacity) and SR denotes spin-st,abilizecl rocket. 
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\l"il,h the divergence u n~lc usually vsed (G to !J 
degl'ees half-angle), lhe minimum ~Xp11nsion ralio 
for flash less performance >It a ll temperatures is close 
to 11.01 bul. it appcmrs l.o he brgm· fm· nozr.lcs with 
mucb larger divergence angles."·" 

l?o•· multi•w~zlc J"ockcts , t he sittwtion is prob>tbly 
)i t tle different, :.\)lhotlgh uo c·ompn•h(msi w~ in v("stigtl­
t iOJJ of the effect of cxpnnsion ratio onlhlsh bas been 
made . Tbe HVA n' having un expansion of -1.0, WHS 
rcnderecl flasbless by adding a "oozzle skir~," a 
pic<·c of 5-in . t.ubing whic·h cs tcnclcd I ht. bch iJul 
the .-eru· face of tht~ 1\<\r.zl<: philc. A mulLiMzr.ln 
with an expansion ratio of 5 will give fbshless J>er­
jormim(:C! a~ a non rotat.ing roc.:kct bul· n()t, !lS H $pin­
ncr·" ~0 way is kJ\Oinl to c·liminMc· I h0 n:.sh uf 
::;pi11rwrs. 

2;"1:.3.6 E-rosion 

\l"c h,w~ <Jh·cad:-· seen t.l>at the rate of heat. i rans­
f~r per unil'- arc>< from the p•·opcllnnt g»s to the 
l"Ocket meta l parts is a llllost pl'oportional lo the 
" weigh! vclocily" and hence is h\rgest. a t tbc 1·em· 
end of tJw grain and in the no~<zle tlu·oat.. '!'he 
rl0<'rcusc in tensi le strength with bigh tempcmturc 
d(J('i=i. not, ordinarily f'au~t} collflpsc of th(' no:tzlp 
because the throat: is of small diameter and lws a 
relat.ivcl0· thick w"ll, hut it docs en usc erosion wh ich 
lncreases Ule nozzle area dm'io.g bunUng at a r:Lte 
dependent. primari ly on 

1. 'fhe materi,;l of which I he nozzle i• mn•lc. 
2. The temperatme of the propellant gns. 
3. The mot.o•· ,,.c><su1·e. 
-L The buming 1-iim;. 
5. The shape and size of t.he nozzle . 
Despite th(~ l<1rge disf·rcpnm:y <>f <'lpprclxi rn:th~ly 

2i00 F between ibe melting point of steel :lnd J,[JC 

lCtnperaturc of t.llc gns, it docs not :·l ppc:w thnt nny 
>Jppreciable melting occurs, since, long before t.b(' 
mcJt.i•lf( point is reached, t.he strengl:h of tbc steel 
b(~t()n)t~$ jn!':iufildent io wit.h$tand thn high :;tre:->.'"les 
i mposcd by the flo\\~ng gas, and plast.ic flow ocCUli; 

in t.hc mct.nl." ·That th is cs plnnntion of erosion i$ 
con ecl i• io.di~:Hcd by ll>c photomicrographs of 
figure 5 which show n. typical case of rclntivcly 
8t!V<~rc e.rosion such as is en<munt.Pred with t.hn sroall~ 
diameter spinner nozzles shown in l"iguro G. Figure 
5 show!'S t1 l'Ccl ion ncu1· tlu-~ nozzle- throtLt. T'hc grnin 
structure of the metal in zone A. nexL fo tbe surface. 
"hows tl>:•l· it hus been he~ ted »bovc t he Ac, poin(, 

FwuRt; f). Panorama. of in~ide arc.n oi cold·tollcd 
steel nozzle. 'Portion of region. ne~1· noz:~le tlnoat 
shows the e.ho\ng<~s in gn\in stnJCture due to thl! 
tcmperatul'e gradient. Zone A shows structure 
corre:;J)Onding to Ac3 ( l !l60 F). 7.one 13 cone· 
sponds to Aci (13(l!i F). ZonG C did nol rc~ach the 
Act tcmpc1·atm·c. 
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(1560 F); t.hat in zone B indicates hcat.ing above the 
A<:, point (1365 1•') but. below tlw Ac3 poiu t; and tha t 
in zonn C h:1s not. ht!on :lltered, so t.hal the tempera­
lin·e must have temaincd below t he Ac, poh\t . The 

UNFI RE 0 

130° 

FlGUR€ 1). Typie~d er<>sion of ~maH :steel nozzles. 

maximum temperature reached in zone 1\ cannot be 
delerrni!IC!d me(:\Jlurgicf•Jl.". but extrapol:n ion would 
indicate a value in the neighborhood of 1800 F . The 
photominograph of a ~(:<:t.iou from the -smuc nozzle 
in Uw exit cone (Figure 7) shows the uuaft'eded 

steel which had not been he~•ted to the Ac, point, 
and" supcrimpos<Jd layer of steel wh ich had !lowed 
from the throat, having been above the Ae, point 
but not melted . The t.empcmtnrc <list,l'ibnt ion in 
the <wzzl<l is p]()lf ed in Figure 8. It should he noted 
th<tt t he tempemr.ure is bigh OJtlv in H vc,·y t hin 
tsul'facc htycr . 

f ·HWRr} '7. Photomicl'ograph (l 32 x) of :section of 
~xit c.onc of steel nozzle. Lowe1· part. i~ <;Old-t·oJied 
steel noz.zle 1n:ope 1· whic:h has not reached the Act 
point. Upper part is met...'ll which has p1~stieally 
flowed from n<Yt.zle tlwoat. 

This itll:llysis of nozzle erosion shows that the 
tnclting point of n. no~zlc m.ntcrhtl is of import.an<;c 
only indirectly in that. th<: IOJI,il~ ol.renglh Lends to 
be low near the melting point . 1:or a hc••t-•·csistant 
no~zlc, the impo•·t:mt fac·t,or is high tenoihl strength 
ill th~ neigh bod10od of 2000 F. Two types of hen t­
re:c.isting materials hHvc been suggcst<!d-the ec.nun­
ies and t.he high -meh.ing-point metals. l\ o ceramic 
that has been tried even approaches t he rcqui;it<> 
strcngt.h . Even "'ith a powder weighL of only I .51b 
as used in the ASH., t he ceramics cracked and GI'Odcd 
so severely as to rc<lucc tlw final pre><SUJ'(' to less 
than half its normal ,·ahw, whet·cas ordinnr\· steel 
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nozzles on this rocket can be fired several times. 
Molybdenum ~mel tungsten nozzles show virtually 
no erosion ttt all. Tungsten carbide, which can 
easily be cast into the proper shape, also works 
well, but because of its brittleness it must be properly 
supported. Thus a nozzle throat insert of tungsten 
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which has actually been used may be called the 
heat-absorbing type, which depends upon its 
ability to cool the surface by conducting heat away 
from it faster than the gas can supply it. The most 
important property of such a nozzle material is its 
thermal conductivit~y. Thus under conditions where 
the inner surface of a cold-rolled steel nozzle would 
reach a tcmpernture of 2040 F and erode away con­
siderftbly because its tensile strength becomes effec­
tively zero about ·100 degrees below this, a copper 
nozzle would not get above 950 F and would show 
very little erosion it would still have some 
strength at that temperature. The theory of heat­
absorbing nozzles is discussed in reference 23, from 
which Table ·~is taken. Experimental data in the 
last column of this table are taken from tests at 
130 F with the insert nozzles of the 3.5-in. spinner 
where erosion is especially severe because of the 
small throat diameter (0.289 in.). The results of 
these experiments were in complete agreement with 
the theory. Thus various types of high-speed tool 
steel were all found to be inferior to eold-rolled steel 
because their low conductivity more than counter­
balanced their greater strength. In particular, 
Stellite and Hastelloy, special t'tlloys which maintain 
a high tensile strength even at red heat, gave the 
highest erosion of all the metals tested, the surface 

TABLTG 4. Characteristics of nozzle materials. 

Predicted 

Thermal surface Percentage 

Metal or alloy conductivity Specific Thermal Tensile teu1perature Melting Quality as erosion 

at 1000 P Density heat capacit.y strength h .22 point nozzle innctual 

(cal/Crn·,Sec• °C) (g/cn<') (cal/g· .°C) (cal/ em,_ °C) (psi) 0 .4.5 (oF) mut.eri.al testing 

Haatelloy 0.03 8.94 0.092 0.92 

Stellite 0.035 s:ss 0.10 0.~1 

Inconel 0.03(1 8.51 0.109 0.03 

Stainless steel 0.039 8.0 
Mone!K 0.002 8.5 0.127 1.06 
Cr steel 0.07 7.74 0.11 0.85 
Cold-rolled steel 0.0875 7.8 0 . .168 at 1000 F 1.31 

Tantalum 0.130 16.6 0.036 0.60 

Iron 0.19 7.8 0.162 at 1800 F 1.26 

Molybdenum 0.346 10.2 0.075 0.78 
Beryllium 0.385 l.8 0.505 0.9·1 

Ch:romium O.tl.5 6.9 0.187 1.29 
Aluminum 0.66 2.7 0.277 0.75 

Copper 0.858 S.ll 0.126 1.12 

Silver 0.97 1,0,,) 0.076 0.80 

carbide with n cylinclrieal outer surface cracked 
severely when fired, whereas with a conical surface 
no cracking occurred. None of these heat-resisting 
nozzles have been used because there was not suffi~ 
cient need for them to justify the extra cost. 

In contrast to the heat-resisting nozzles, the type 

(oF) 

2700 2350 Very poor 65 
2650 2.370 Very poor 59 
2700 25·10 Very poor ,16 

2650 2700 Very poor 
20,000 at 1600 l! 2200 2400 Very pool' 

0 at 1800 F 2100 2700 Poor 45 
0 nt 1600 F 2040 2600 Poor ,!0 

1750 5162 Exceller1t 
0 nt 1800 F 1750 2795 Fair 

1250 f!7·18 Excellent none 
12'10 2462 Good 
1070 2939 Good 

0 at 000 F 1050 1218 Very pool' 
0 at 1000 l! 950 1981 J!,\ir 
0 at 1100 l!' 900 1760 F'.u.ir 

temperature apparently actually reaching the melt­
ing point. In Figure 9 is shown a comparison of the 
Stellite nozzle with one of chromium-plated copper. 
The latter works very satisfactorily because the 
copper has an extremely high conductivity (nearly 
1ien times that of steel) w-hile the ehromium, although 



i'iOI.ZI.E$ 259 

h:l vin!t a t\omcwhnt lower eonduetivit)o· than copp("'r. 
contribul~s it. hi~h mrHing point and hardne..'S. 

.\tnong the vnriou• low-earbon frce-m:~chining 
•l<><•ls whic·h on~ would natumlly choose for m:l· 
chining a <vmpliclllrd piN·c like an integral multi­
nozzle . 1hcr(' is littlc difference in ("fO.,ion dwr:u· .. 
terislir;;, but :111y of them ;, >ignificnntly better th:1n 

lX-<pite the shorter burning timr, rro.<ion is 
grelll<-sL al high temperotures because of two 
cfT~t•: ( I) the higher weight ,·clocity incrcn<es the 
<•><'ffiricnt of heal tronsfer from the gn< I<> the 
nozzlr wall, and (2) the higher motor prci<~ure< 
<'H\1'\r phlstic flow to occur at. lower nozzle: tcmpcrn­
tur('. The vtn·jatiol\ of erosion with powd<'l' trn"'· 

FlGllfiB 9. J::xtt·enW:-i of good and bad nQ<$:de erosion undcl' identicHI conditions. Left: chromium-pl"tcd cop· 
!Je1·. Rit1ht: StolHtc. Jniti~Hy th~ not?.)¢!) had idcnt.i<.:-1\l lnsidc contours. 

SAE 1020, :~ppa rcntly been use of higher mang:tne"'' 
content ."·n A few •inlcn•d <lnd C<>$t nor.zlcs which 
have b<·cn tric<l hi\\'C a ll eroded seriou•ly . ~o really 
cou1prehen•h·~ <I udy of nozzle materials was nl· 
tempted by the project becau:<c, at the ~hort burn­
ing times in n><', the problem was nol of suffi<icnl 
urgency to warrnnt it. Sud• SUT\'C)'S have been 
made by ~roUJl> interested in liquid-fuel rockets and 
jcl engine-s." 

JH'raturr fo•· the case of lhc 3.5-in. spinner" is 
8hOwll i 11 Figure I 0 . 

Since c1·osion is most ;<e,·crc at points wll<'rc the 
~"" is forrcd to change its din•ction rapidly, some 
impro,·cmcnl can wmct1mcs be obtained by <·nreful 
:lltcntion to the contours. Thus lol'll:er entrance 
<'lln<'>< rrdurc nozzle throat erosion, hut this fact is 
or little impor!nnce because in procticc one prefers 
to hn\·c entrance cones''" sborl as JJCrmi>,iblc. 



260 MOTOR DESIG~ 

~~or---r-~~-4r--4--~--~--~---+~~ 

!1: 
~ TOQ~--~~~~~~--~~~--~~~~-/1 
z 
:! 
0 ~0~~~~~~--~--~~~~~s-.74~~ 
ffi 
0 

~+10~--r-~r--j~~~~~~~~~~~~ 

0a~~--~a~z~~a~o~~o~A~~o~;:~M~~o.~7~o~£~~09~~w· 
WEIGHT FRACTION BURNED 

FIGURE 10. Increase in area of small steel nozzles 
from erosion during burning at various propellant 
temperatures. 

23.3.7 Blowout Disks 

For large rockets or for those which arc· used in 
situations where a motor burst would involve 
exceptionn1 hazards (e.g., il.ircraft rockets), it is 
desirable to include an extra nozzle in the ce11ter of 
the plate Emd close it with a blowout disk which is 
ejected if the motor pressure exceeds a particular 
value. This device is made necessary by the rela­
tively small strength and large temperature coeffi­
cient of the present powder, and as rocket propel­
lants are improved, its use will become less neces­
sary. It allows one to combine the characteristics 
of two different rockets in one jacket. With the 
blowout disk closing the central nozzle, the nozzle K 
is high, say 210 to 220 for ballistite, so that the 
motor operates at relatively high pressure and short 
burning time, having its range of useful temperature 
displaced below that usually designed into rockets. 
With the central nozzle open, the situation is 
reversed so that high-temperature performance is 
increased at the expense of low-temperature per­
formance. If increasing the useful temperature 
range were the only consideration, the blowout disk 
would be designed to be ejected at approximately 
the temperature midway between the two extremes 
desired. In practice this has not been done because 
in the vicinity of the blowout pressure it is im­
possible to predict whether the disk on a particular 
rocket >\ill blow out or not, the temperature range 
of this uncertainty being close to 20 F. Since in 
fonvard firing the sight setting is influenced very 
markedly by the burning time, this would mean 
that in this 20-degree range one would not know 
what sight setting to use and, if the wrong guess 
were made 1 the rocket would be too inaccurate to be 

useful. On the 5.0-in. and 11.75-in. aircraft rocket 
motors, therefore, 110 F was chosen as the tem­
perature at which half the disks blow out, this tern­
perature being above that normally required in 
praetice and havin:g a short burning time so that 
the error in gravity drop by a disk's blowing 
unexpectedly would not be so great as at lower 
temperatures. Thus the blow-out disk has been used 
primarily as a safety valve rather than as a tem­
perature range ex-tender. Its effect on the tempera­
ture range is striking, nevertheless, particularly on 
the 5.0-in. HVAR, which operates with a very small 
percentage of failures at 140 degrees. Its lower 
temperature limit is not known, but it has been fired 
successfully after having been packed in solid carbon 
dioxide (sublimation point -109 F) over night. 

Blowout disks have been made of annealed copper 
because a copper disk is thicker for a given blowout 
pressure than a steel one, and hence small variations 
in thickness have less effect on the blowout pressure. 
A disk fails by fJ.rst bulging out into a hemispherieal 
shape and then shearing. Empirienlly it has been 
found that the failure pressure cold (i.e., in a testing 
machine) can be calculated fairly accurately if a 
shear strength of 25,000 to 26,000 psi is used. The 
mean blowout pressure measured in static firing is 
only 5 or 10 per cent higher than that. 

Since rockets with blowout disks arc usually de­
signed with relatively large nozzle K's, they >vill be 
just as unsafe at high temperatures if the disk 
should fail to blow as if too small a nozzle had been 
used. The easiest ways to make an error in this 
regard appear to be the substitution of too thick a 
disk or the inclusion of two disks. Because of the 
importance of having the proper disk, it has 
seemed desirable to eliminate any possibility of 
error by two provisions: 

1. Each disk is gauged for thickness and its thick­
ness marked on it with a rubber stamp in a position 
where it is visible from the outside of an assembled 
motor and can be checked by the final inspectors 
and the loading crew. 

2. The "disks'' are made cup·shaped rather than 
flat so that the ring or grid stool which holds them 
in place in the nozzle plate cannot be properly 
assembled if two disks have been used. If two 
rockets were made with blowout disks of different 
thickness, it would be desirable to make them 
completely noninterchangea.ble by a similar trick. 

Proper insulation of the disk from the motor 
gases is obviously essential to its proper function. 
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.hbc.-to• 1\Jid fiberboard haw IM'\'Il """' SIICCC$­
fully, hnl the best insulation b p•·ub:tbly a molded 
di'k uf asl><•<l<><·fillcd bakelite. The insul~tion 
should fit • "lll(ly bu~ ••ot LighOy in its hole :wd be 
('0111ph•l <:'1~· <·overed wjth a .fiJ't'JH'OOf hard8 set.tiug 
pla"tic mlltorial ( likn Pnrmat<'X Nu. 2) to Qlimina te 
~Hly gn ... lt'n kn~c nround tlw 4?'d~l\S. H 1lw in:;ulation 
fur a biClwuut <li;k of sm:tll diarnctN is a pre•> lit 
in ib twit•, il may r&:isl ht•ing <·j~ct~d :so thut an 
t•rralit· i1wr,·u:-.t' jn blowout pr~"'urc tf.'"\uh:-;. 

23.1 TAII~'5 

1l3A. I T-y1>es o( 'T'a i I~ 

Fi1•~ fut· t'ot·k('t~ !'!:how nn cxtrcm~ c.ljv(•r.siLy of size 
:111d type. 'Those on tho Army ·1.()-iu. rocket, for 
t•xampl<•, are 4 in. long and 3, in. widf', whcrc~s 
tbo•C OU \he ('T'f target rocket li\CIIJ$lltC 18 b~- 36 iu. 
The t:u;-:et rocket;,;, of eour"'•" •Jwtinl ~n><', since 
it..., fin ..... wC>r<' mndc as large t~~ pu~ ... iblt· for vh=ibility _, 
whcrNt~ oJ•din:Hily wt• wi~h to make fins itS small as 
is t·un:-:i~trnt. with :-~dcquatc stability. Tur·~;ct rocket 
finl:l. tU'l·, dwr('forc, 1 rc.n tcd as a ~~pu)·ut.C! probl(~m jn 
Chnpto1· J8, and in this tilldion i t will be assumed 
thallh1• )>1'imn1·y function o[ a 1in i• h> sl ahilir.c the 
rockc• ht fliJ.:hl. 

The design of a tail 11 b {&)way:~ a (•ompromisc 
IJt•lWtt·n n uum1X'r of mutuall.)' contr:ulidory re­
quirrrncnts. Tbtt£ :.lceurat·y r('(J.uircs. large tails_, 
wlwrc·u~ :o.p:H·c nnd wejg-ht cou ... idt~r:ttion~ and :.ir 
drag favor sm.lll. Simplicity and eh~npues. of 
m:muf:ll'\UI'C favor fins mad•· frmn " 'inp:lc thickness 
of nwt:1 l mul wclrlcd to the tub<', wh~:rCil~ wf•igbt 
and eonvcni<'llcc may favor double fins with reb ­
t in•ly •·omplicnted nt.tacbjug mN·hnnisms. "l'hc 
u'ua l fnctm·• c·ontrolling fin deoif(<\ include: 

1. J\ i laptal>iliiy to the t~· pc of lauzwhinl!: con-
lcrnplatt><L 

2. Accurncy. 
3. Strength. 
I. Air dr:\g. 
5 . ~hippin'-' space. 
(j, Hmn(\tim('s proYision of ~h~ttl'it·ul t·onbtcf. 

Twu pJ·indp:i l ( ,~·pes of tail~ l111 vc bocn used: ring 
I a i l~ and tin toils. 

ll j •'or bi'V\'ily wP 5h:l1l Ul)C tho h~rr11 "lnil" iostdd of "fin 
a~embly" in rderring: to lltc .:~~_gn'g:th· or the fins, rings, or 
zucu1bl'fll c.,£ wt1at"\·er Wpe which cor .. tiuue th~ ~t:tbilizing 
me.rnbtr. 

Ring Tails 

Hin~t t11il' have been used on uw•L I'U('kel• h:n·ing 
beads of lnrf!:~l' co libcr than thci!· motors bccau•e, 
exeepl ill the IIIIIISIIal cuw of I he AS il wh~•·c tbc 
ecntcr or rn:ts~ of the rouud is i11lho h(·ad, it. iR neces­
sary to Jutvc· a l'ing behiucl the ('CntC:l' of Htftsg with 
the St\lnc w•\nll'l<•r as the head in order to lit a 
simple launcher. To provide ea•r clcctric:\l <:ont:>cl, 
lbc !:oil hn< olways consiste<l of two riul(', oue 
attached to tlw motor tube :uul th1• other in;;ulated 
from it. This combination makes tlw ring lail 

A 

c 

F":z;u>: II. CWI! t:tik (A) plain rinJr 1.1\il, (B) 
ring toll with >·adial !ins (C\Vll-K), (C) expcri· 
rn<mta) ring·und .. fin tail dcsignud !or mnximum 
stnbilit)•. 

r<l('kct~ adaptable to very J':tpid lond ing in M1~· 
urit•ntnliou imeh :\s is r('·quircd in ('Ombat ancl to 
tmtomntie launching. The dc<if(n is inhcr~ntly 
~tronp:, and the thicknc.;s of mctnl U><!d i• deter­
mined h~· the rough trealuwnt experienced in 
bandlins:; nnd in being jatnmed us::ninst 1 he knife 
cdgt·- of Ow ol~driml cont:~cf.<, rather thnn by the 
J'el:\livcly :;rnnll aerodynamic for..:(!.l:l mu·o1mfc•md in 
lligld. F<JI' withstanding water e11t1'.Y ltnd ior 
stabiH~in~; mu.lctwttlm·- t.rajectori<::i, ring tail;-; arc 
very sati~fnctory. 

A.< ust•<l un CIT nll'kct,_ thr dns:; tnils nre not 
very cflicicnt in stabilit.ing llw round~ hc(·au::e the 
rinf! diu meters az-c rclath·cly smnll :nul not much air 
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passes through them, especially at high velocities, 
because of the shielding by the head. Usu11.1ly the 
accuracy of the rockets was adequate for the tactical 
situation, but in the case of the CWH, radial fins 
extending beyond the ring were finally added, as 
shown in Figures 1lA and B, to incre~tse the 
stability and decrease dispersion. High-speed 
water tunnel tests indicated that this change would 
reduce the yaw oscillation distance o- from 236 to 
192 ft, whereas field firings gave values of 260 and 
215 ft. The water tunnel tests showed also that a 
further decrease of 0' to 166 ft could be made by 
moving the tail back t=tbout 1 caliber as shown in 
Figure l1C and that considerably more water 
passed through the ring under these conditions. 
Whether the same would be true when tho effects 
of the rocket jet are added is problematical, but it 
may be possible to increase the efficiency of ring 
tails by thus moving them back and still retain the 
advantage that no part of the tail projects beyond 
the head diameter. 

Fin Tails 

Fin tails have been used on all the aircraft rock­
ets, and again the choice was dictated by the 
launching method. Since the motor and head were 
of the same diameter ,o fin tails allowed the rockets 
to be attached closer to the airplane with a conse­
quently smaJler drag. The width of the fins (i.e., 
in the radial direction) was also determined by the 
space limitations, and in all cases the length was 
made approximately lY:l times greater than the 
width in order to obtain the requisite strength. 
"rhis ratio of length to width appears to be a good 
one, at least for subsonic rockets ,P 

For rockets small enough to be handled ma.nually, 
the forces encountered in handling are again the 
determining factor in the strength. In sizes com­
parable to Tim, however, it ceases to be practicable 
to make fins so strong that they will support the 
weight of the rocket, and the aerodynamic forces 
are determining. These forces are difficult to cal­
culate, but are not large in practice because appre­
ciable yaws are obtained only at low velocity. 

Economy in shipping space demands that the fins 
be detachable from the motor. In prEtetice this 

o The 5.0-in. AR with the 3.25-in. motor is an exception to 
this rule, but there thE· controlling factor was the use of a motor 
already in production. 

P See discussion m1der HVAR in Chapter 19. 

means that fins for large rockets which cannot be 
boxed in groups of four with the fins nested betwE)en 
them (as was done with the 3.25-in. AH motor) 
will have fins individually detachable, and hence, 
to accommodate the locking mechanism, the fins 
may be made of two pieces of metal, dished so as 
to leave a space between. The double fins also have 
the advantage of being relatively strong with thin 
metal. On the British HP-3, detachability was 
aehieved ·with remarkable simplieity and effectivE~­
ness with a single-thickness fin. Although it is 
almost certainly the best rocket fin in existence, it 
eould not be copied in CIT rockets because slots in 
the motor tubes were not permissible. 

Drag was mentioned as a factor in fin design, but 
nothing more has been said about it, and in fact 
little consideration was given to it in tho design of 
CIT rockets. The reason is that for short-range 
firing, such as aircraft forward firing, there is little 
to be gained by small reductions in the drag, since 
the total drag is large but its cfieet is small. For 
long-range rockets, this would not be true. 

Another thing about fin design mH,y be conspicu­
ous by its absence-namely, any mention of folding 
fins. These have been used effectively on the Army 
4.5-in .. rocket, hut were not tried by CIT. 'l'he 
reason is simply that, since integn:tl formed nozzles 
cannot be used with the thin-walled rockets, there 
is no place to put the Army type which opens back. 
Fins which open out sideways are subject to serious 
objections; (1) inaccuracy, since the first mom.ent 
after launching is the time when stability is most 
needed, and (2) practical difficulties in making a 
foolproof latch to hold them in the open position. 

23.5 SUSPENSION LUGS 

Suspension lugs and lug bands have been used 
only on forward- and backward-firing aircraft rock­
ets where the air drag of the launcher is a prime 
consideration. In almost any other conceivable 
application, the drag of the rocket itself would be of 
greater importance, and lugs would be omitted. 
The drag of the front lug, in particular, can be quite 
significant because it is placed in a portion of the 
rocket which would otherwise usually be aero­
dynamically ''clean," and its presence thus increases 
the turbulence along almost the full length of the 
rocket.28 

The shape of the lugs being dictated by the shape 
of the rocket and the method of launching, little 
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can be said about it in general. It should be noted, 
ho\vever, that the shape now standard on the 3.25-
iu. and 5.0-in. aircraft rocket motors is certainly 
not ideal, re~mlting as it did from the historicftl 
accident that long T-slot launchers were already in 
combat use before the advantages of post launchers 
(or "zero-length" launchers) were established. The 
front lug is not very strong, is difficult to manu­
facture, ::mel has more drag than 1voulcl be desired. 
The ideal \Voulcl probably be two lugs side by side 
about 90 degrees apart on the front and one be­
tween them on the rear, so that the rear lug could 
be made higher and stronger than is now tho case 
and still not interfere with the front post when it 
passes. This type of suspension was used for ex­
perimental aireraft firings of Tiny Tim. from fixed 
wing bunchers. 

Whenever their use is possible, welded lugs are 
much preferable to lug bands because (1) they 
assure that the position and spacing is always cor­
rect, (2) they are easier to make strong enough, and 
(3) they are cheaper to manufacture. 

Z3.5.1 Strength of Lugs 

The basic data for determining the required 
strength of a lug is usually in the form of the ma,xi­
mum values of yaw, roll, and pitch which the air­
eraft is expected to undergo in the most extreme 
maneuvers contemplated or possible. The transht,­
tion of these specifications into forces in various 
directions on the lugs is obvious ancl straightfonvrtrcl 
and typically results in strength speeifieations which 
are difficult to meet. Fortunately, the basic data 
by their very nature conta,in a eonsidentble safety 
factor, so no additional factor need be interjected. 
:For carrier-based planes, there is also a specification 
of the maximum fore-and-aft ttecelerations en­
countered by the airplane in catapulting and 
arrested landings, but the maximum fore-and-aft 
force which the rocket itself will experience usually 
depends upon vibration, in the ease of wing­
mounted rockets, and its magnitude is difficult to 
estimate. 

Most of the difficulties with lug bands are elim­
inated or greatly reduced if the bands can be made 
tight enough. In the case of the 11.75-in. motor, 
"tight enough" meant going to speeit'Llly heat­
treated high-tensile steel. The best design for the 
tightening mechanism on a lug band is probably 

that shown in Figure 12, which was adopted for the 
5.0-in. and 11.75-in. motors after experience with 
several other types. In case slippage nJong the tube 
is undesirable, as it is for the post lt'Luncher where 
only one post contains a latch, it can be eliminated 
by drilling a shallow flat-bottom hole in the motor 
tube and having a pin on the lug hand which pro­
jects into it. This was done on the nonwelded CIT 
design of the HVAR (5MA4). (See Section 19.4.2.) 
The drill marks on the 3 .25-in. Mk 7 motor tube 
served to position the lug bands when they were 
attached but did not significantly reduce the slip­
page because of their tapered sides. 

t §[j il....---: ) §I---III t 
23.6 

FIGURE 12. Pinal design of lug band clamp. 

MOTOR SEALS AND 
GRAIN SUPPORTS 

Two factors in motor design have not yet been 
mentioned. That of making electrical contact to 
the igniter is a rather simple and spE)cific problem. 
It is mentioned in Chapters 18 ancll9 in connection 
with the 4.5-in. BR, the 3.2.5-in. AU., and the 11.75-
in. AH motors, but it will not be discussed here in 
detail. 

The problem of supporting the grain at the front 
end and sealing the two ends of the rocket against 
moisture me, on tbe other hand, practically iden­
tical for all roekets, exeept for scale effects. 

23.6.1 Grain Support 

In order to eliminate the possibility of craeking 
the propellant grain as a result of impact against 
the grid when the igniter fires, it has been con­
sidered desirable to hold the grain at the extreme 
rear end of the motor by means of some type of 
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grain support at the front end. For small-diameter 
motors, where the weight. of the grain is small and 
its length short, the front motor seal is adequate for 
this purpose. It is simply pushed in until it scats 
firmly against the igniter which in turn contacts the 
grain. When the length of the grain exceeds about 
2ft or its weight becomes of the order of 10 lb, this 
simple procedure is not adequate. If the grains are 
not thoroughly annealed, they shrink with age as 
the strains introduced during extrusion are relieved. 
Temperature changes also cause changes in length 
which can be significant on very long grains, and it 
is desirable to have something to take up these 
length changes without allowing the grain either to 
become loose or to exert so much force on the front 
sealing disk that the seal is broken. The best sub­
stance which has been found for doing this is a thick 
felt disk compressed to about or % of its uncon­
fined length. Felt bas no undesirable effects on the 
propellant, nor is it aflected by the propellant 
fumes. Felt disks are used in both the 3.25-in. and 
5.0-in. aircraft rocket motors. 

With the heavier grains, the accelerations ex­
perienced during handling might be large enough 
that the grain would move the front seal if it were 
not reinforced. In the 3.25-in. and 5.0-in. motors, 
this support is provided by the front thread pro­
tector. The 11.75-in. motor is special in that the 
grains are held against the grid by the charge sup­
port independently of the motor tube. 

It is interesting that the only test which was 
made of the necessity for holding grains firmly 
against their grids showed that it was not necessary. 
Two rounds of the 5.0-in. HVAR were fired at 120 F 
with 20-lb heads which would give them an accelera­
tion of more than 80g. The rounds flew normally, 
although the grains, with grids attached, were 
separated from the grid stools by distances of 37:'1 
and 4% in.17 Despite this evidence, the require­
ment that grains be firmly seated is based on good 
logic, particularly since in some cases the grid can 
rotate if it becomes loose, a circumstance which 
would almost certainly cause a motor burst. 

ZS.6.2 Seals 

The first seals used by CIT to keep moisture out 
of motors were binderboard and fiberboard disks 
pressed into position and sealed with glyptallacquer. 
When tests had demonstrated that such disks did 
not in fact keep out moisture if the motors were 

subjected to extreme temperature changes, cellulose 
acetate was substituted, and it in turn was found to 
be inadequate and displaced by steel. The complete 
story of the tests made to determine the best seals 
is contained in reference 29, and will therefore be 
merely summarized here. 

No nonmetallic materials were found which, 
either in the shape of disks or cups, would protect 
motors from extreme conditions of exposure. Fiber­
board absorbs water through even the best paint 
seals, swelling up and softening. Thermoplastics 
have a thermal coefficient of expansion much 
greater than that of steel, and as a result plastic 
closures shrink away from the motor tubes· when 
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FIGURE 13. Front end motor seals for 5.0- and 
3.5-in. motors. 
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c 

A 

E 

FIGURE 14. Metal nozzle seals: (A) SCAR; (B) HVAR pigtail seal (for one nozzle); (C) HVAR plain seal 

(for other 7 nozzles); (D) BR, CWR, and similar motors with electrical contacts on tail use seal similar to 

(C) but with two wires brought around seal edges at opposite sides as shown; (E) 3.5-in. spinner. 
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they are cooled, breaking the paint seal at the 
edges. Bakelite is too brittle to be inserted tightly 
·without cracking. 

Of all metal closures, steel seems to be unquestion­
ably the best. Brass closures corrode rapidly in 
contact v.i.th steel motor tubes becnuse of electro­
chemical action. Aluminum corrodes even more 
ra.pidly, large holes being eaten awn.y leaving the 
covering :film of glyptal unsupported, and in addi­
tion it is too soft so that it was difficult to insert 
aluminum closures without deforming them. Steel 
closures are easy to construct, can be inserted 
rapidly, and, if they have the proper thickness so 
that they still have some spring ln them after being 
inserted, they give. effective protection against 
moisture even without a perfect paint seal. They 
have the same eoe:fficient of expansion as the motor 
tubing and the nozzles. Some objections have been 
raised to them because of tht:>jr missile hazard, but 
tests indicate that it is no more serious than with 
fiberboard disks. 

Three types of seals are required for a rocket 
motor. For the front motor seal, the most effective 
design appears to be a flat-bottomed cup either with 
plain or re-entrant sides as shown in Figure 13. 
The "blowout patch" in the center was evolved 
after considerable experimentation as the best de­
vice for opening quickly at low pressures- but still 
being easily moisture-proofed when it is in place. 
In some motors it serves the purpose of admitting 
the ga.s to the pressure-nrming base fuze, and in all 
motors it assures that the motor would not become 
propulsive in case of accidental ignition when the 
head was not screwed on. 

For nozzle seals, a simple shallow cup with ta-

pered sides is adequate when no wires must come 
through it. To accommodate the igniter leads, the 
cup must be made slightly more complicated as 
shown in the examples in Figure l4. Even when 
good nozzle seals itre used, care must be htken that 
moisture does not enter through the nozzle threads 
(if any) or along the cotton insulation or filler in 
the igniter leads. 

For the 3 .5-in. and 5.0-in. spinner motors, it 
appeared simpler to seal the nozzle end with a single 
metal disk instet:td of closing each nozzle separately. 
Thus the wires connecting to the contact rings are 
completely enclosed and protected. The stand~trd 
110zzle end seal fm the .5.0-in. motors is shown 
in Figure 4 of Chapter 20. The seal for 3.5-in. 
motors, shown in Figure l4E of Chapter 23, is 
basically similar but has a flange extending beyond 
the diameter of the round to keep it from sliding 
forward in tubular launchers. 

For sealing all these cups, the best material 
found is General Electric glyptal red lacquer No. 
1201, with the addition of 7 per cent by weight of 
aluminum powder, which toughens it and makes it 
dry better around wires insulated with nylon. 
Nozzle elosures hold better if the edges are painted 
with thinned glyptal containing emery, 200-mesh 
being the optimum granulation. 

The larger motors are so expensive that extra 
precautions have seemed desirable to keep them 
dry, and auxiliary seals have been used at both 
ends. At t,he front, the c::;..'tra seal is easily incorpo­
rated in the thread protector, but the design of the 
rear one depends on the motor. Blowout p::~.tches 
may be required in these :.'Llso to keep the motor 
from being propulsive when shipped. 



Chapter 24 

EXTERIOR BALLISTICS OF FIN-STABILIZED ROCKETS 

By C. W. Snyder 

24.1 INTRODUCTION 

I N THE FOLLOWING 'rWO CHAPTERS, we shall diSCUSS 
briefly ancl qualitatively the exterior ballistics of 

rockets. It is an exceedingly large field and one of 
considerable complexity; we shall attempt merely 
to lay a groundwork for understanding why rockets 
behave in flight as they do and what methods are 
used to predict their performance, and to indicate 
where more thorough discussions of various aspects 
of the problem can be found. The theoretical basis 
of the subjeet is treated in detail in a book to whieh 
we shall refer frequently by the abridged title of 
E:rterior Ballistics/ this is the souree of mueh of the 
following materinl. 

24.1.l Specification of a Rocket's 
Motion 

It will be well to have clearly in mind at the out­
set the preeise meanings of the terms whieh will be 
used in the deseription of the sometimes complex 
motions of a roeket in flight and the symbols by 
whi<:h they vv'ill be denoted." Thete is an important 
theorem of meehanics which states that the motion 
of the center of m.ass of a solid body which is ae.ted 
upon by any arbitrary combination of forces i::; the 
same as if all the body's mass were eoncentrated at 
that point and all the forces acted on that point. 
Consequently, the simplest way to treat the motion 
of a solid body a.nd the way that is always adopted 
in practice is to consider first the motion of the 
center of mass and then independently of this motion 
to consider the rotations of the body about the 
center of mass. 

The path of the center of mass through spaee is 
called the trajectory of the rocket. It is in general a 
complicated curve, but the simplest case, when it 
lies in a vertical plane, is illustrnted in Figure 1. 
·when the rocket (represented by a small arrow in 
Figure l) is at the point C, its eenter of mass is 
moving in the direction of the tangent to the tra-

" The notation here is taken from Exterior Ballist·ics1 and 
agrees in the main with that of earlier CIT reports. 

jectory (shown as a dashed line intersecting the 
horizontal eoorclinate . The angle () between 
the initial orientation of the rocket (i.e., the launcher 
orientation) and the t~mgent to the trajectory at a 
particular time we shall for brevity c~tll the trajec­
tory deviat1:on. In addition to 0, we must of course 
know the orientation of the plane of the trajectory 
(i.e., the plane containing the launcher lirw and the 
trmgent to the trajectory) in order completely to 
specify the roeket's direction of motion. The angle 
e is the more important quantity, however, beeause, 

LAUHCHER 

FIGURE 1. Trajectory of rocket in vertical plane. 

except for gravity, nearly all the forces acting on n 
rocket are unchanged \vhen the orientation of the 
plane is changed. 

In general, the rocket will not be pointed in 
ex:wtly the direction in which its center of mass is 
moving, and in this case it is said to have a yaw. 
The rocket can yaw many direction, b but for finners 
the usual case is that shown in Figure 1, where the 
yaw is in the plane of the trajectory. The yaw angle 
i5 is the angle between the trajectory and the axis 
of the rocket. 

A third angle which is usually of less importance 
than either () or i5 is the rocket orientaUon angle ¢. 
It is the angle between the rocket axis at any time 
and the line through the launcher. In the plane case 
shown in Figure 1 we have obviously the relation: 

¢ = 0 + (), 
b This usage of the term yaw is slightly different from the 

nautical usage. Thus a ship yaws sideways but p·itches up 
and down. 

267 
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but this will not hold in general unless we consider 
the angles as vectors, a complication which we will 
avoid here. 

24.2 FORCE SYSTEM OF A FINNER 

Because of its complex shape, both interior and 
exterior, ~"L rocket is subjeet during flight to a multi­
plicity of complic:ated forces, and an understanding 
of rocket motion requires that we replace this force 
system with a simpler one which procluc:es the same 
accelerations and velocities. An elementary theo­
rem of mechanics assures us that it is always pos­
sible to do so. The resulting force system is, of 
course, arbitrary, and it is chosen to make the ana­
lytic representation as simple as possible. In par­
ticular, it is convenient to consider separately the 
forces arising from the combustion of the propellant 
and those al'ising from the presence of the atmos­
phere, sinee the former clisappea,r after the end of 
burning. 

24.2.1 The Jet Force and Torque 

From consideration of the conservation of linear 
momentum, we derived in Chapter 21 the fact tlu1,t 
the ejection of the propellant gas from the nozzle 
results in a force on the rocket which was called the 
thrust. For simplicity we shall assume that its 
direction and magnitude ftre eonstant throughout 
burning and tht"Lt it eeases abruptly. Actually, of 
eourse, its time variation is given approximately 
by the pressure-time eurve (see Chapter 21), but 
the n.ssumption of constancy introduces fairly small 
errors, whieh are diseussed in Exten:or Balli.stics.1 

In the idesJ case, the line of action of the result~tnt 
jet force would lie along the roeket's long n,xis and 
pass through its center of mass. Since these condi­
tions are never perfectly fulfilled, we obtain, in addi­
tion to the forward thrust, a torque of magnitude 
equal to the product of the thrust by the distance 
between its line of action and the center of mnss. 
This is the so-called "jet ma.lalignmcnt torque."c 

One other subtle torque results from the action 
of the gas on the rocket. If the rocket is rotating 
about a transverse axis during burning, the gas as it 
flows down the motor tube will have to be acceler-

c Actually there may be two types of rnalalignrncnt,1" but 
only one is impor-tant in practice. 

a ted laterally. The reaction on the motor tube tends 
to dnmp the rotation. This so-called "jet damping 
totque" is too small to be importHnt in practiee. 

24,2.2 Aerodynamic Forces 

The effect of air on the rocket in flight ean be 
treated with sufficient aecuracy by means of two 
forces nnd two moments, defined as follows. Con-

DIRECTION OF 

DECREASING YAW 

FIGURE 2. Aerodynamic forces and torques act­
ing on fin-stabilized l"O(~ket. 

sider a projectile moving through still mr m the 
direction of the veetor V of Figure 2, having a yaw 
represented by thEl angle a and having a certain 
inst,antEmoous angular velocity about the transverse 
axis perpenclicuhr to the plane of the paper through 
its center of mass. Although the aerodynamic 
forees are produced by the distribution of pressure 
over the entire surface of the projectile, we need not 
consider the distribution in detail because its effect 
is the stlmc as that of a suitable single force FA act­
ing at an n.rbitrarily chosen point (for convenience 
taken to be the ermter of mass) plus a suitnbly 
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chosen torque. If FA is resolved into components 
along and perpendicular to the trajectory (i.e. 1 to 
the velocity vector V), the former is the "drag" 
FD and the latter is the "cross-·wind force" or "lift" 
Fe. Of the total torque> the mnjor part, which 
depends upon the yaw but not on the transverse 
angular velocity, is called the "righting moment" 
or "restoring moment" 1"f since it tends to reduce 
the yaw; and the small part which varies .vith the 
transverse angular velocity is called the "damping 
moment" 1"! n because it tends to reduce the angular 
velocity and momentum. In the figure it is assumed 
that the yaw is deereasing so that Mn, tending to 
oppose the decrease, acts in the direction opposite 
to J1. \Vhen the yaw is increasing, both moments 
tend to oppose the increase. The principal effect 
of the drag is to decrease the velocity and range of 
the mckct, wherea,s that of the righting moment is 
to stabilize the rocket and to produce oscillations 
in the orientation of the rocket whenever it y~tws. 
The cross force and the damping moment arc of 
relatively minor importance and serve chiefly to 
damp the oscillations. It was noted in Chapter 21 
that a righting moment exists for small yaws only 
if the fins are sufficiently large, and that Fn, Fe, 
and lvl are nearly proportional to the square of the 
velocity Y, up to about 800 fps. Henee we set 

M = p.P sin i5 

(1) 

(2) 

where cis the deceleration coefficient, rn the mass, 
and p.. the righting moment coefficient. Equa.tions 
(1) and (2) are cquivnlent respectively to equations 
(16) and (22) in Chapter 21. 

The forcl: system of Figure 2 is not, of course, the 
only one that will produce the same acceleration 
of the rocket as does the actual pressure distribu­
tion. It is possible to find a point on the axis of 
the rocket such that the resultant force F.t applied 
at this point gives the moment M and hence is fully 
equivalent to the entire aerodynamic pressure clis­
tribution. This point is called the center of pressure, 
and the force system is shown in ]'iglll'e 3. It is 
more convenient than that of Figure 2 for visual­
ir.ing the effect of aerodynamic forces but less useful 
for computation. The center of pressure must lie 
to the rear of the center of mass in order for a £inner 
to be stable. 

If the rocket is traveling through water or earth, 

the aerodynamic forces are replaced by a different 
force system, which will be discue;sed la.ter. 

24-.2.3 Other Forces 

To complete the list of forces whieh determine a 
rocket's trajectory, the pull of gravity and the 
reaction of tho launcher must be ineluded. Tho 
latter is effective for sucl1 a short time that it can 
be considered as an impulse. 

CENTER OF 

DIRECTION OF MOTION 
WITH RESPECT TO AIR 

L s 

GENTER Q,. 

PRESSURE 
WITHOUT FINS 

L (MALALIGNMENTJ 

PRESSURE ---h~¥----CROSS WIND FORCE 
WITH FIN$ 

DRAG RESULTANT 
FORCE 

FIGURE 3. Alternative aerodynamic force system. 

24.3 USE OF THE FORCE SYSTEM 

Through an analytical representation of these 
various forces and torques, it is possible to set up 
the equations of motion of n rocket in flight, both 
during and after burning, and, at least theoretically, 
to solve them for the motion of the rocket under 
various initial conditions. This analysis is devel­
oped in detail in ExteTior Ballistic1s.1 In practice, 
of course> the solution of the equations is extremely 
difficult unless a number of simplifying assumptions 
are made. 
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24,,4 RANGE OF A 
GROUND-F1RED ROCKET 

The quantity of first concern is usua.lly the range 
of the rocket or, more accurately, the mean range 
of a large number of identical rockets fired under 
the same conditions. For this calculation, one 
assumes that the thrust, the drag, and the pull of 
gravity are the only forces acting. We shall see that 
the solution of even this much simplified case is 
very difficult unless the velocity .is small. 

The vacuum range X of a projectile in free flight 
after launching at velocity Yo and elevation angle 
Oo was given in Chapter 21 as 

X 
g 

(3) 

H was noted that this requires modification for 
rockets on two counts: (1) it must be corrected for 
the burning time, since the rocket is not in free 
flight until after the jet force ceases, and (2) the 
effect of aerodynamic forces cannot in general be 
neglected. Even as slow and dense n rocket as 
the "Mousetrap" antisubmarine rocket [ASR] (175 
fps) attains only 95 per cent of its m~"Lximum vac­
uum range. 

The effed of burning time is most conveniently 
allowed for by the concept of the "equivalent 
shell." d An equivalence is set up between the 
rocket and a hypothetical shell which have coinci­
dent trajectories after the rocket stops burning. 
Thus, h1wing translated the initial eonclitions of 
projection of the rocket into those of the equivalent 
shell, we can use equation (:3) or other more exact 
relations- from shell theory to determine thE~ range 
and trajeetory of the rocket subsequent to burning. 
The expressions for accomplishing this translation 
are as follows. 

If a roeket is fired at a quadrant elevation greater 
than zero, its velocity at the end of burning will fall 
short of that calculated from momentum considera­
tions [equation (6) of Chapter 21] for two reasons: 
there is a component of gravity acting backwards 
along the trajectory and the air resistance is con­
tinuously removing energy during the acceleration. 
The actual "burnt velocity" will be, instead of Yo 
to be expected in a Vflcuum, 

d'The theory of the equivalent shell is worked out in ref­
erences 2 and 3. 

in which tb is the burning time (duration of thrust). 
The factor takes care of the fact that we should 
aetually use some kind of average veloeity during 
the burning period instead of Y b itself in computing 
the effect of air resistnnce. These same two effects 
will reduce the velocity of the equivalent shell, but 
they will have only half as long a time t,o aet, since 
the rocket, starting from zero velocity, has during 
the burning time an average velocity ht"Llf that of 
the shell. Hence the shell, if it is to match the 
rocket flight in space and time, will be fired later 
than the rocket by half the burning time and will 
have an initial velocity 

V., = Vo H,, (g sin lio + fcVb2) 

= Yb + !tb (g 6in 11 0 + }c'Vb2). 
(5) 

Finally, because of the greater gravity drop of the 
rocket, the equivalent shell will be fired at a lower 
angle of elevation than the rocket by an amount 
proportional to the length of time which the rocket 
burns beyond the launcher. In fact, the elevation 
angle of the equivalent shell will be 

0, = eo - 1

1~ (t 1, - tp) cos Oo (in radians), (6) 
2 I II 

where t7, is the time spent on the launcher (desig­
nated by the subscript p because at the time this 
theory was developed, the term "project,or" was 
in vogue). 

24.4.1 Air Drag 

It is immediately evident that no ballistie calcu­
lations can be made without a knowledge of the 
value of the drag of the rocket at all velocities that 
it attains. Aerodynamics has not progressed to 
the point where the drag coefficient of a projectile 
can be computed on purely theoretical grounds, 
but by a eombination of theory and empirical results 
it is possible to make surprisingly close estimates 
of the drag coefficient of an aerodynamically clean 
projectile. However, if it has large lugs, fin braces, 
or other irregular projecting parts that tend to pro­
duce large contributions to the drag, the estima­
tion is much more difficult. Examples of such 
calculations are given in Exterior Ball,istics 1 and in 
references 4 and 5. 

The method employed is to divide the total drag 
into five parts: 

1. Head resistance. 
2. Base drag due to reduced pressure at the rear. 
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3. Skin friction of the eylindrifial motor tube. 
4. Skin friction of the fins. 
.5. Drag due to lugs and other irregularities. 

Parts land 2 can be estimated from the known drag 
of a shell having a nose shape as much as possible 
like that of the rocket under consideration. The 
skin frictions, 3 and 4, are calculable from aerody­
namic theory. When the contribution of 5 is not 
significant, the sum of parts 1 to 4 is often in fairly 
good agreement with the experimentally determined 
drag. An interesting and important example in 
which this is not the case is analyzed in Table I. 

TABLE 1. Relative contributions to total drag for 3.5-in. 
aircraft rocket (CIT Model .5). 

Head C(V) 
resistance Motor Fin Unac- C(600) 

Velocity and base skin skin counted (experi-
(fps) drag friction friction for mental) 

600 32% 18% 34% 16% 1.00 
800 33% 17% 33% 17% 1.00 

1,000 39% 15% 30% 16% 1.06 
1,200 37% 8% 15% 40% 2.05 
1,400 4fit% 7}% 14t% 31t% 2.07 

Columns 2, 3, and 4 give the theoretical estimates 
for various pa.rts of the drag, expressed as percent­
ages of the total experimentally determined drag. 
Column 5 gives the percentage of the total drag 
which the theoretical analysis does not account for. 
Presumably most of this discrepancy is caused by 
the unusually large lug bands which the motor car­
ries in order to accommodate 5.0-in. as well as 
3.5-in. heads. Column 6 gives relative values of 
the total deceleration coeffieient at various veloci­
ties. Theoretically the increase in drag between 
low and high velocities should be approximately 
3 to 2 rather than 2 to 1 as actually observed, illus­
trating the well-known fact that good streamlining 
is much more important above sonic velocity. 

2~.4.2 Calculation of Range 

If one has precise knowledge of the value of the 
deceleration coefficient~ as a function of velocity, 
it is theoretically possible to make accurate trajec­
tory and mnge calculations by means of numerical 
integration, but the labor involved ma.kes such 
calculations impracticable except on a modern me­
chanical or dcetrical integrator, few of which are 
in existence at present. Complete ballistic tables 
bave been worked out for several different shell 

.,_, 

shapes, and what is done in practice is to pick the 
one of these standard drag functions which most 
nearly approaches that of the rocket in question 
and use the ballistic tables corresponding to that 
function. 

This method of calculation is quite satisfactory 
for low-veloeity rockets, i.e., in the velocity range 
where the deceleration coefficient ean be assumed 
constant. For firings at quadrant angles below 15 
degrees or for segments of a trajectory in which the 
direction of the trajectory does not change by more 
than about 30 degrees, the Diction-Bernoulli meth­
od lb. 6 is probably the most convenient. For rockets 
fired from the ground at higher quadrant elevations, 
the Otto-Lardillon tables 7 have been redueecl to 
more convenient graphical form in reference 2 and 
have been found to be sufficiently aceurate and 
very useful for preclicting ranges. 

The greatly increased complexity of the problem 
at higher velocities arises from the varied shapes of 
rockets. Skin friction, the turbulent drag of the 
projections, and the other factors will contribute 
to the total drag in varying proportions for various 
rockets, and each factor will, in addition, vary with 
velocity. in a different manner. Thus no one drag 
function can be expected to be a sufficiently good 
approximation for. more than a very restricted fam­
ily of rockets. Several resistance functions have 
been found useful .in particular rocket ballistics 
problems, the one most frequently used being that 
of the French Commission de Gavre, not so much 
because of its merit but because most of the avail­
able ballistic tables (in particular those usable for 
high-angle fire from the ground) ftre based on it. 
The G:lvre function is based on drag measurements 
of an obsolete type of shell having a relatively blunt 
nose and no boat.tailing, and the faet that many 
contemporary rockets have these same character­
istics provides some justification for its use. 

It would take us too far afield to discuss the 
details of the methods of range ealeulations. They 
me given in Exterior Ballistics. 1b In addition, a 
good biblio!!;mphy on the subject is contained in 
Rocket Fundamentals. h 

2~.~-3 Launcher "Tip-off" Effects 

In correcting the quadrant elevation of the rockE)t 
to that of the equivalent shell [equation (6)], it 
was assumed that the "tip-off" is negligible. During 
the short time when the center of gravity of the 
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rocket is off the launcher but the tail (or rearmost 
point in contact with the launcher) is still in eon­
tact, a torque exists tending to give the rocket an 
angular momentum about a horizontal axis. In the 
case of spin-stabilized rockets, the combination of 
this torque with the gyroscopic effect results in a 
deflection of the round to the left (assuming right~ 
hand spin), but for a fin-stabilized rocket, tip-off 
simply reduces the effective launching angle and 
hence reduces the range if the quadrant elevation 
is 45 degrees or less. Theoretical ana.lysis o shows 
that the amount of rotation during tip-off is negli­
gible, but that the angular velocity imparted to the 
rocket persists and continues to decrease the effec­
tive eleva,tion angle so that, for rockets which are 
launched at very low velocities, the total reduction 
in effective launching angle can amount to several 
degrees. 

Tip-off can be reduced in two ways: 
1. By reducing the ratio of burning distance to 

launcher length, either by using a longer launcher 
or a grain giving shorter burning time, so that the 
rocket is launched at higher velocity; or 

2. By arranging that the rocket is not constrained 
after the center of gravity leaves the launcher. This 
has been accomplished in certain cases by. using a 
special launcher such as the "zero-length" launcher 
or, for the antisubmarine rocket, by making the 
diameter of the tail smaller than that of the head 
so that the tail does not touch the launcher a,t all. 

24.5 WIND EFFECT 

The effect of a uniform wind on the flight of a 
finner follows simply from the faet that the aero­
dynamic moment is n. righting moment. From 
whatever direction the wind is blowing, its force, 
being greater on the tail than on the nose, will push 
the tail downwind so that the rocket will head into 
the wind. This effect is most striking in the case of 
rockets fired from aircraft, i.e., in high relative 
winds. To tn.ke an extreme example, suppose that 
a 5.0-in. high-velocity aircraft rocket [HV AR] is 
fired from an airplane traveling 450 mph pointing 

• The theory of tip-off is derived in two local CIT rcports 9•10 

for roekets like the 4.5-in. barrage rocket in which a single 
point on the tail touches the launcher after the head leaves it, 
and in Rocket Ji'·wndarnentals, s for rockets of uniform diameter 
for which the point of contact -with the end of the launcher 
moves along the rocket. Both cases are treated in Exterior 
Ballistics .1 

10 degrees away from the resultant wind. Then, if 
the temperature is low so that the burning time is 
1.2 seconds or more, its apparent launching direc­
tion at the end of burning will clevinte from the 
wind direction not by 10 degrees but by less than 
0.2 degree. In ground firiug, the effect is qualita­
tively similar but much smaller. Consider a ''rind 
blowing at right angles to the la.uncher; then it is 
obvious that its effect is divided into two parts: 

1. During the burning period the action of the 
wind on the fins will turn the nose into the wind, 
and the jet will push the roeket in the direction that 
it points. As long as burning continues, the tangent 
to the trajectory, although oscillating slightly as 
shown in Pigure 4, deviates on the average farther 
and farther from its original direction. If a long­
burning rocket is launched at very low velocity, it 
may be pointing almost directly upwind, when it 
ceases burning, but, in the usual ground-firing case, 
the turning into the wind amounts to only a few 
degrees. 

2. After burning, the rocket will drift downwind. 
This drift comes about. not, as might be thought., 
because of the cross-wind force ("lift") but because 
of the action of the downwind component of the 
drag. The rea.son is that the period of oseillation 
of the rocket is small compared to the total time of 
flight, and, since the yaw oscilhttions are about the 
position in which the yaw and lift are zero, the 
effect of the lift approximately averages to zero. If 
the roeket is headed almost directly upwind, then 
obviously the only effect of the wind is to slow it 
clown. In the usual case where the trajectory makes 
a large angle with the wind, the tangent to the tra­
jectory turns gradually back toward its original 
direction aud may go beyond it if the flight con­
tinues long enough. Whether the resultant deflec­
tion is upwind or downwind depends upon the nottio 
of total flight time to burning time, that is, upon 
the quadrant elevation and the temperature. 

The theoretical expressions for the deflection of 
the trajectory by a cross wind during burning are 
derived in reference 11 and in Exterior Ball1:st1:cs, 1 

and the results are shown graphically in Figure 4 
in terms of dimensionless parameters which e~•n be 
applied to any fin-stabilized tocket. For any given 
rocket, the ordinates are proportional to the deflec­
tion of the trajectory from the original launcher 
line, the abscissas are proportional to velocity, and 
the parameters characterizing the various curves 
are proportional to the square root of the launcher 



WIND EFFECT 273 

-.).0 

1"2-t'= _L 
1"iTG 

'tfftp; ,J2t 
<; 

/ 

1/ 

VI / 

/ v I 
~ v / 

Ill/ - I 
-2.0 

II _./ / 

'I 1/ I 
--" / 

'I 1/ I 
It /__.. I 

-1.5 

I I 1/ / 
I I~ 
I I II I 

-1.0 I / 
I I I ,..--

I I I I 
I II / v 

I I 
II I I /r--

'I I I j 1/ /"' 
_./ 

-0.5 

til, 'I I I 

ff/'11 1 I I I I 
1/fl'l; I I I 'I 

lh 0V 1// / / 
0 

/ !-"' _...-v 
/ !---" / / 

v / / !-"' 

/ !-"' v _...-
v / 

/ ..-v 
I-- / 

/ ,......-v 
1--v 

/ _..v f-""" 
r-v 

f-./ 

/ 
_.... 

1---v 
/ 

v ---,.....-

v v 
v--./ _/ -

v I--

v-_./ 
/ I--

v 
1/ __../ 

r--/ 

,......-v 
/ 

1------
!-"' v 

3 

vTtp 
- 0 
- .oe 

- .16 

- .24-

.32 

,40 

,4-{J 

--- . 64 

.eo 

f-"'"•96 

··-

1.12 

/,3(; 

2.00 

4 

- r-
r--. 

0 
08 

- r-.J 

- r--. 

32 

4-0 

4/l 

- I"""-· 64-

80 

36 

1.12 

- .36 I-- I 

t: 
Asympfofic 

Values-

2J)O 

- 1---

FIGURE 4. Deflection of trajectory by cross wind. 

length. The symbols nnd their reltttions arc as fol­
lows: 

. \ "velocity parameter.'' 

ew ""' "characteristic funetion for trajectory deviation by a 
cross wind." The actual angle 0 in radians of de-via­
tion of the tangent to the trajr:ctory from it~ original 
direetion for any particular rocket is obtained by 
sub~tituting the proper values into the relation: 

rv.,. e = -11,cerr. 
<T 

(J" distance traveled by the rocket during one cycle of 
yaw oseillation (ft). 

G = acceleration of the rocket (ft/sec~) . 
p length of the latmcher (ft). 
Y = instantaneous veloeity of the rocket (fps). 

V, """ velocity with "-hieh the rocket leaves the launcher 
(fps). 

Y rt = velocity of the rocket at the end of the first yaw oscil­
la.tion cycle (fps). 

TVN "' component of wind velocity perpendicular to the 
bllneher' (fps). 
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By inserting into the graph the proper value of t, 
we can calculate the trajectory deviation at any 
time during burning or at the end of burning. 

To see the importance of the wind effect in ground 
firing, let us consider the effect of wind on the 
4.5-in. barrage rocket at 70 ]', and at the end of 
the burning period. For this 

G=960 ft/seo 2
; 

t1 265 ft; 
V 11 = 715 fps; 

p=5 ft; 
v2rp~0.2; 

V"= velocity at end of burning=355 fps; 
at end of burning""'0.5. 

Reading the value E>w = 0 .. 5 from the graph (the 
negative sign simply means that the deflection is 
upwinci), we calculate for the trajectory deflection 
per unit cross wind the value of 0. 7 mils per fps. 
Since the lateral dispersion (mean deviation) of the 
rocket is about 45 mils, it will apparently take a 
rather large side wind to change the center of impact 
by an amount compa.rable to the dispersion, espe­
cially since part of this deflection is canceled out by 
the drift after burning. The actua.l effect of wind 
on the impact point of the barrage rocket is given 
in Table 2.1 

TABLE 2. Wind deflection of impact point for 4,5-in. 
bal'!'agc rocket, 

Propelhint 
temperature 

("F') 

40 
40 
70 
70 

100 
100 

Angle of 
elevation 
(degrees) 

20 
45 
20 
4.5 
20 
45 

Lateral deflection 
into the wind for 
wind of 1 mph 

(yd) 

0.7 
1.4 
0.2 
0.5 

-0.1 
-0.1 

Increase in 
range for 
tail wind 
of l mph 

(yd) 

1.6 
1.6 
l.2 
1.7 
1.0 
1.6 

The effect on the trajectory of the component of 
wind in the direction of the launcher is virtually 
negligible, so that the general case of wind in any 
direction is obtainable from the curves of Figure 4. 
Thus the lateral deflection on the horizontal plane 
is obtained by inserting the component of wind 
perpendicular· to the line of fire and dividing the 
result by the cosine of the quadrant angle. The 

1 A more complete ta.blo is .ineludcd in reference 12. 

change in effective launching angle by up-range and 
down-range winds is given by using as W N the 
along-range component multiplied by the cosine 
of the quadrant angle. 

The caleulation of the drift after burning can be 
done by simple methods familiar in artillery theory. 
They are discussed in references 11 and 13. 

24.6 TRAJECTORIES OF ROCKETS 
FIRED FORWARD FROM AIRPLANES~:~ 

By far the most extensive application of external 
ballistic theory to rockets has been in connection 
with forward firing from aircraft, for it is only in 
this use that fin-stabilized rockets are sufficiently 
aceurate to warrant accurate ealculations of trajec­
tories. As in the c~•se of ground trajectories, the 
solution requires setting up the equations of motion 
of the roeket, in the air and integrating them, but 
the solution is simpler here because of the reh"Ltively 
short flight times that have been used in practice. 
The methods of ealculating the trajeetories and the 
sighting tables required for various aircraft and 
various firing conditions are worked out in detail 
in reference 15 and in Exterior Ballistics J 

The characteristics of the rocket trajectory ean 
best be understood through a comparison with those 
of the more familiar machine gun bullet.11 If firing 
conditions are identical, the two trajectories differ 
mainly in the following three respects: 

1. Rockets are .slower. The velocity of the fastest 
rocket used at present in forward firing is approxi­
mately 1,350 fps, which is about half that of a 
.50-caliber machine gun bullet. Furthermore, it 
takes the rocket a relatively long time-of the order 
of 1 second, more or less depending upon the tem­
peJratur,e--to reach its maximum velocity, whereas 
the bullet has its maximum velocity as it leH.ves the 
muzzle. The consequent longer time of flight of the 
rocket to a given range means that allowances for 
target speed and wind are much greater than in the 
case of machine gun fire. 

2. Rocket.s tend to follow the direct7·on of :fiight 
of the aircraft, wherea.s bullet.s travel ln the direc#on 
of the gun. The bullet travels close to the direction 
of aim because its muzzle velocity is so much greater 

g A basie rderenee on this subject. is Firing of Rockel.9 .from, 
A-ircm.ft, 14 one of the CIT final reports under OEMsr-418. 

h See reference 16 for an exeellent simple diseussion of the 
general discussion of the general features of aircraft roekct 
trajectories. ' 
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than the speed of the airplane that the effect of 
the latter upon the motion of the projectile is rela­
tively slight. We have already seen that the fins 
of a rocket, on the other hand, tend to align it with 
the airflow resulting from the combination of the 
velocities of rocket and t\ircraft. Since the launch­
ing speed is low, the rocket is quickly aligned almost 
in the direction of the line of flight of the aireraft. 
Th1s deflection toward the flight path is greater 
the less the launching speed of the rocket, and is 
almost 100 per cent 1Vith post launchers. 

3. The 7·ocket trajectory is characterized by con­
siderable curvature compared with the flat trajectory 
of a bullet. Not only does the longer time of flight 
lead to a greater gravity drop, but, in addition, as 
the rocket falls, the fins tend to align it along the 
trajectory so that there is also a component of the 
jet force downward contributing to the normal 
gravity drop. The consequent large curvature 
means that the sightb1g allowance required in aim­
ing and its variation with clive angle are much 
greater for rockets than for guns. 

24.6.1 Trajectories of Post- and 
Rail-Launched Rockets 

The basic object of trajectory calculations for 
aircraft rockets is obviously to establish the relation 
of the position of the rocket a.t a given range to the 
position of the aircraft sight. The analytical expres­
sion for the trajectory may contain three terms: 
(I) the gravity term, (2) the yaw term, and (3) the 
angular velocity term which is very small for firing 
from fixed launchers (either post or rail type). The 
values of the terms as functions of propellant tern­
perature, airspeed, dive angle, and slant range have 
been calculated for the various aircraft rockets and 
published in a number of reports} 

The trajectory drop (gravity term) is shmm as 
the distance CE in Figure 5. It depends on: 

I. The rocket typ(~, being smaller for higher 
velocity rockets; 

2. The propellant temperature, being smaller for 
higher temperatures because of the decreased burn­
ing time; 

3. The dive angle, varying approximately as the 
eosine of this angle because of the different effective 
direction of gravity relative to the flight line; 

1 Sec UBC 1·eports listed in the CIT OEMsr-418 bibliog­
Iaphy in the general bibliography in the app<mdix. 

4. The launching speed, decreasing with higher 
speed; and 

5. The slant rauge to the target. 
The yaw term consists of the product of the ini­

tial yaw and a 11launching fador ." When. a rocket 
is fired into the airstream with an initial yaw to the 
stream, its trajectory is turned toward the direction 
of the relative wind by the action of the fins and the 
jet. The ratio of the angle through which the tra­
jectory turns to the initial angle of yaw is called 
the lauuching factor f and may have values from 
1.00 dmvn to less than 0.70, depending on the 
rocket type, the propellant temperature, the length 

FIGURE 5. Factm·s in sighting fol' forward f1ring. 

of constrained motion on the launcher, and .the 
indicated airspeed of the airplane. The evaluation 
of the initial yaw is complicated because the angle 
of attack (angle between flight line and boresight 
datum line [BSDL]) depends upon so many fac­
tors-airspeed, dive angle, gasoline load, bomb 
load, etc. In addition, if there is a side wind, the 
plane axis will make an angle with the flight line 
in a horizontal plane, introdueing horizontal as 
well as vertical yaws. Were it not that f is usually 
very close to 1.0, the problem of firing rockets from 
aircraft would be even more complicated. 

The angular velocity term is similar to the yaw 
term. If the rocket enters the airstream ~'ith an 
initial angular velocity, its trajectory is deflected 
in the direction of the angular velocity, and the ratio 
of the angle of deflection to the initial angular 
velocity is defined as the angular velocity factor. 
Its value varies from about 0.25 virtually zero. 

If angulm velocity is negligible: 
Sight sctting=trajectory drop + f x (angle of 

attack of datum line launcher 
angle) -launcher angle 
trajectory drop f X angle of at­
tack of datum line (1 - f) X 
launcher angle. 
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In case the launcher angle (i.e., the angle between 
the launcher and the zero sight line) is zero, only 
the first two terms in the sight-setting equation 
occur. For most aircraft, the fact that the sight is 
separated from the launchers by feet 11dds 
the term h/ R to the sight setting, where R is the 
shmt range expressed in thoucands of yards and h 
is the distance between the zero sight line and the 
launcher line expressed in yards. Sight settings are 
customarily expressed in mils.i 

24.6.2 Angle of Attack 

Tho most uncertain quantity in ordinary forward­
firing problems is probably the angle of attack, the 
~mgle which the boresight datum line makes with 
the line of flight of the aircraft. It is necessary to 
differentiate between the true angle of attack and 
the effective angle of attack. The former is the angle 
between the BSDL and the undisturbed airflow at 
a great distance from the airplane. For simplicity 
in calculation of trajectories, it is customary to 
assume a uniform airstream around the airplane, 
although the direction of airflow adjacent to the 
airplane actually bears very little relation to the 
flight line, the effects of the propeller, fuselage, and 
especially the wings resulting in a flow which is 
uniform neither in magnitude nor direction. To 
circumvent this difficulty one defines the effective 
angle of attack to be that angle which gives the 
right answer in the sight-~etting equntion and then 
determines it experimentally for each aircraft under 
various flight conditions. 1'he prediction of effec­
tive angles of attack is an exceedingly difficult 
problem. For example, it was found that firing the 
5.0-in. aircraft rocket [AR.] with and without the 
11.75-in. AR. mounted in the airstream produced 
effective angles of attack differing by 10 mils 1 even 
after corrections for the differences in weight had 
been made. The problem is discussed in consider­
able detail in Firing of Rockets from Aircraft, 14 and 
an attempt at a theoretical understanding of it is 
made in reference 17 a11 d in Exterior Ballist-ics .1 

i At least two definitioM of a mil are current. The standard 
.Army mil is 1/6400 of a complete circ.le or 0.056250 degree, but 
in theoretical discussions it is more convenient to use the rnilli­
radian, 0.057296 degree. The latter is l.86 per cent larger 
than the former, but, for practical purposes when small angles 
are involved, either may be taken as 1-yd defiection in 1,000-
yd range. 

24.6.3 Displacement and Drop 
Launchers 

The calculation of trajectories and sight settings 
for other launching methods involves no essentially 
new concepts and hemJe will not be discussed here. 
Because the initial conditions are more complieatcd, 
the sight-setting equations contain several more 
terms. The reader should consult Exterior Ballis­
tics/ Firing of Rockets from A'iTcrajt,14 or refer­
ence 18. 

24.7 RETRO l!JRING 

Firing fin-stabilized rockets backwards from air­
craft is no longer of much interest and will not be 
discussed here. Some ballistic calculations on the 
problem are given in reference 19. Firing fin-stabi­
lized rockets accurately in any other direction is 
obviously impossible because of the large f factor. 

24.8 DISPERSION OF FlN-STABIUZED 
ROCKETS 

Dispersion is a measure of the scatter of the 
impact points of a group of identical rockets fired 
under supposedly identical conditions. Ordinarily 
this scatter is measured about the mean imp::tet 
point of the group, but in some cases it may be 
measured about the point which one assumes would 
be the mean impact point of a very large group of 
rounds; e.g., the lateral dispersion may be meas­
ured about the range line. Several different quanti­
tative me~tsures of dispersion are in current use, 
some of which are illustrated in ]'igure 6 (Figure 9 
of reference 20). For our purpose we shall adopt the 
mean deviation as the measure of dispersion and 
shall use the two terms interchangeably. The mean 
deviation is computed by adding the deviations of 
the various rounds from the mean without regard 
to algebraic sign and dividing by the total number 
of rounds. Lateral dispersion is usually expressed 
in mils or in yards, and range dispersion in per cent 
of mean range or in 

Many factors contribute to dispersion. Thus 
range dispersion may be introduced by variations 
in rocket weight, propellant weight, or effective gas 
velocity among different rounds of the group. Both 
range and lateral dispersion are affected by varia­
tions in burning time, propellant temperature, or 
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wind velocity and by irregularities such as rough 
or crooked launchers, misaligned fins, and faulty 
lug bands. It was shown very early in the OSRJ) 
rocket developm1mts, however, that finners fly quite 
straight after the cessation of burning and that the 
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FIGUUE 6. Comparison of various measures of dispersion. 

predominant cause of dispersion during burning is 
the malalignment. 

The malalignment of a rocket is usually defined 
as the distance between the eenter of mass of the 
rocket and the line of action of the thrust. Since 
the line of thrust coincides approximately with the 
geometrical axis of the exit cone of the nozzle, a 
distinction is made between 11mechanical malalign­
ment"-the ilistancc of the center of mass from the 

ing the .effect of knov;rn mechanical malalignment. 
This procedure necessarily lumps together as gas 
malalignment all the other errors which can contrib­
ute to dispersion, so that the result is always too 
large by an unknown amount. It is known, how­
ever, that random variations of the thrust direction 
from the nozzle axis occur during burnli1g, and the 
concept of gas malaligmnent is useful even though 
not precise. 
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24.8.1 Dispersion of Finners in 
Ground Firing 

Whatever the cause or type of malalignment, its 
effect is a torque which causes the rocket to yaw 
and hence to deviate in the direction of that yaw. 
The resulting dispersion has been discussed quali­
tatively in Chapter 21 and was first expressed quan­
titatively in The Effect of Fin Size, Burning Time, 
and Projector Length on the Accuracy of Rockets, 2 t 

a report which has become a chtssic in rocket liter­
ature.k In this analysis, damping, drag, gravita­
tional force, and cross-wincl force are assumed negli­
gible, and the equations of motion of the projec­
tile are solved assuming the malalignment torque 
to be constant and the restoring torque of the fins 
to be proportional to the yaw and to the square of 
the velocity. The solutions of the equations turn 
out to be Fresnel integrals, and they are plotted in 
Figure 7 from which the qualitative conclusions 
listed in Chttpter 21 and many others, cHn be de­
duced. If one considers a particular projectile, the 
ordinates in Figure 7 are proportional to defl.ection 
of the trajectory in the plane of the yaw per unit 
malalignment, the abscissas are proportional to 
time, and the parameter is essentially projector 
length. Thus each curve shows the variation in 
trajectory deviation (the angle e in Figure 1) with 
time during burning, and, since the rocket, after 
burning continues its fl.ight in the direction it was 
pointing when the thrust ceased, putting the value 
tb into the graph gives the trajectory direction at all 
times after burning. To convert this to lateral devi­
t'ttion of the impact point, which is most frequently 
of interest, one must multiply by the sine of the 
angle between the plane of yaw and the vertical 
plane and divide by the cosine of the angle of eleva­
tion of the hmncher, the small corrrection for the 
burning distance usually being neglected. It will 
be noted that two abscissa scales are included, the 
upper one npplying at all times and the lower one 
being appropriate only at the end of burning. 

Despite the seemingly rather restrictive assump­
tions on which the theory is based, it has been found 
to be in excellent agreement with experiment. The 
fact that the malalignment torque is not constant 
either in magnitude or direetion during burning 
does not invalidate the conclusions >vith regard to 

k There ate several earlier CIT 1·cports on the same subject. 
A later one22 includes simplified formulas useful in restricted 
regions. 

variation of dispersion with launcher length, burn­
ing time, or fin size (i.e., the yaw oscillation dis­
tance u, defined in Section 24:.5 and in Chapter 21). 
In particular it is important that the theory holds 
fairly well even for supersonic velocities where the 
restoring moment is not proportional to the square 
of the velocity, because normally a rocket reaches 
the flat portion of the curve before the square law 
breaks down so that practically all of its deflection 
is acquired in the low-velocity region where the 
theory is valid. 

The chief limitations of the theory are the diffi­
culty of determining the effective launcher length p 
(p stands for 11projector") and the actual malalign­
ment Lo during flight. An accurate definition of p 
would be the distance through which the rocket is 
constrained to move with zero defl.ection, but 
whether this constraint ceases when the head or 
front lug leaves the launcher or continues as long 
as the center of mass, the tail, or the rear lug is 
in contact is seldom obvious a priori. Analysis of 
a large number of firings of the 4.5-in. barrage 
rocket1 for example, showed that the data could 
best be brought into agreement with the theory by 
assuming that the constraint ceases when the tail 
leaves the launcher. 23 Probably this is approxi­
mately the case for most relatively lightweight 
rockets on rail or tubular launchers. 

On the other hand, the 5.0-in. HVAR was found 
to be about equally accurate from zero-length 
post launchers or the 772-ft Mk 4 launcher even 
in ground firing. The curves of Figme 7 provide 
the explanation u of the behavior of the HVAR. 
This rocket has an initial acceleration of 55g, from 
which it is easily calculated that its rear lug will 
clear a 7 .5-ft launcher in approximately 0.09 sec­
ond. Since its effective burning time at 70 F is 0.9 
second and its yaw oscillation distance u is 320ft, the 
values of tv?fj;; which we need for the graph are 
2.1 at the end of burning and 0.21 at 0.09 second, 
and the ordinates of the curve p/ u = 0 correspond­
ing to these times are respectively 0.010 and 0.0006. 
Thus, if fired from a zeroplength launcher, this 
rocket will acquire 0.06 of its total deflection during 
burning in the first 7.5 ft. If its average defl.ection 
at the end of burning is 20 mils, then at 7.5 ft it will 
be 1.2 mils. Since the separation between the two 
suspension lugs is approximately 36 in., they ·will 
undergo a relative b.teral displacement of 0.043 in. 
in the first 7.5 ft. Bu.l the clearance between the lugs 
and the slot of a .~lk 4 launcher is approximately 0.060 
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in. Hence it is clear that it subjects the average 
round to little or no constraint and its effective 
length must be almost zero. Even if the clearances 
were made quite small, it is doubtful that the dis­
persion of a rocket as heavy as the HVAR would 
be improved, because it is not feasible to build an 
aircraft hmncher of suffieient weight and rigidity 
to constrain it effectively. 

More detailed applications of the theory to vtui­
ous CIT rockets nre given in references 25 and 2G, 
and one more will be included here. The chemical 
warfare rocket [ CWR] (sec Section 18 .4), before the 

addition of radial fins, had the following charac­
teristics: 

V clocity at the end of bmning (70 F): V b = 710 fps; 
Yaw oscillation distance: u ~280ft; 
Radius of gymtion (see Table 2 in Section 21.3): 

J( = 1.22 ft. . 

Hence 
K~ 

(}' 
= 0.0053; 

r" = 2.54. 
(}' 
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Assuming an effective launcher length p=8.4 ft and 
a burning time t"=0.51 second, we have 

1!. = 0.03: IT . 

'V dl, = 1.3. 
IT 

!}'rom Figure 7 1 we read 

Hence 

J?•) 
.L\." 0 0 

0.0053i ;;:::; 0.0048. 

f) 
""" 0.9 mils per 0.001-in. malalignment. 

Increasing the burning time above this value would 
make no significant change in dispersion, since all 
values of (K2 /IT) ( 0 j Lo) for longer burning times 
fall between 0.0046 and 0.0053. Reducing the burn­
ing time by half, on the other hand, giving 

results in 

so that 

'V btb = 0.64 
(]' 

!(2 0 
"""0.0026, 

L = 0.4:9 mils per 0.001-in. malalignment. 

It is easily seen also from the graph that the 
same improvement in dispersion without reduction 
in burning time could be obtained with pj.;r =0.09, 
that is, triple the original effective launcher length, 
if such a launcher were practicable. 

The theory is primarily useful for making com­
parisons of this type, but it can be used to predict 
the actual magnitude of dispersion if something 
is known about the average malalignment to be 
expected in practice. From measurements on vari­
ous rockets it is known that the minimum attainable 
gas malalignment is approximately 1 mil and values 
of 2 or 3 mils are common.. Since the CWR has its 
center of mass 25 in. ahead of the nozzle throat, 
1 mil corresponds to a malalignment of 0.025 in. 

l The subscript con the (l's in Figure 7 signifies merely that 
it was calculated on the assumption of constant acceleration 
and constant malalignment. 

Using this value and 8/Lo=0.9, we find for the dis­
persion expected at 45 degrees elevation angle 

0.9 
20.3 mils. 

The factor 2/n- occms because the directions of the 
malalignments are randomly distributed. One 
would expect 20 mils to be an extremely optimistic 
estimate of dispersion, and in fact the actual dis­
persion is nearer 45 mils, indicating that 2 mils 
would have been a better guess at the gas malalign~ 
ment. If the rockets are not well made, the mechan~ 
ical malalignment may further increase the disper­
sion, but with careful manufacturing and inspection 
it is usually possible to keep the mechanical mal­
alignment small enough so that its effect is com­
pletely obscured by the gas malalignment. 

The theory indicates the following possible ways 
to increase the accuracy of a fin-stabilized rocket: 

1. Increase the launcher length; when it can be 
done, this will always reduce the dispersion if the 
rocket is actually constrained by the launcher, but 
it is seldom practicable. 

2. Decrease the burning time; this will be effec­
tive only if it can be decreased to the point where 
it is com;iderably less than the period of yaw oscil­
lation ry, which is seldom possible for high-perform­
ance rockets. 

3. Reduce O'j i.e., increase the stability by using 
larger fins or (usually less feasible) by moving the 
center of mass forward. The difficulty here is that 
rather large increases in fin size are required to 
affect a appreciably (see Chapter 19 for the effect 
of fin size on the HV AR), and these are usually 
precluded by space considerations. 

4. Increase the radius of gyration K; in other 
words, design a new rocket that is longer and 
slimmer. 

5. Reduce the gas malalignment. 
Much effort has been expended in attempts to· 

reduce gas malalignment by some variation in the 
interior of rocket motors. A number of the expedi­
ents tried are discussed in reference 27. None 
showed any promise of success. Apparently gas 
1nalalignment is rather fundamentally tied in with 
high-speed gas fiow and cannot be significantly 
reduced. Its effect can be partially circumvented, 
however, by two expedients: using multiple nozzles 
and rotating the rounds. Apparently the directions 
of gas malalignment in various nozzles of one plate 
are at least partially independent and tend to cancel 
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FIGURE 8. Deflection of trajectory by malalignment jn aircraft forward firing from "zero-length" launchers. 
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one another out. Thus the gtts malalignment of the 
eight-nozzle HV AR. is less than 0.87 mils. 28 Except 
for the very atypical target rocket, no serious 
attempts to reduce dispersion by rotating fin-sta­
bilized rockets were made by CIT. The British and 
the Section H 29 workers have tried it with some 
success, however, and the theoretical possibilities 
along this line arc discussed briefly in Exterior 
B alhstics .1" 

24.8.2 Dispersion in Firing Finners 
Forward from Airplanes 

By a simple change of variable, the curves in 
Figure 7 can be adapted to the case where the 
rockets have a relative velocity with respect to the 
air at the beginning of burning, thus giving the dis­
persion caused by malalignment in forward firing 
from aircraft. This theory is derived in reference 
30 and reduced to graphical form in reference 31. 
Since one more parameter, the airspeed of the plane, 
now appears in the theory, it is not possible to show 
the whole story on a single graph, and only the 
curves for the most important case, zero launcher 
length, are reproduced here as Figure 8. An exami­
nation of the complete set of curves leads to the fol­
lowing conclusions: 

1. For given values of pj11 and Va/Vv (aircraft 
velocity divided by rocket burnt velocity relative 
to the aircraft), the dispersion increases rapidly with 
burning distance db, reaching a maximum at a value 
of db/u between 0.2 and 0.5 and then decreases 
(except for extremely small Va) for longer burning 
distances. 

2. Dispersion decreases with increased launcher 
length, but this effect becomes less marked at higher 
airplane speeds. Thus for the HV AR (V b = 1,350, 
d1, = 600, u = 300), theory predicts the following 
decreases in dispersion in going from a zero-length 
to a 6-ft launcher: 

Ground firing 44 per cent; 
Airspeed 270 fps 41 per cent; 
Airspeed 540 fps 36. per cent. 

In practice, the improvement is likely to be con­
siderably less than this, as pointed out in the pre­
vious section. 

3. The relative gain in accuracy when going from 
a stationary to a moving launcher is greatest for 
the zero-length launcher, where it Cfm amount to a 
factor of 10 or more. The burning distances of CIT 

aircraft rockets are all so long as to place them well 
beyond the maxima in Figure 8. In this case, 
asymptotic formulas are applicable, and the 
single convenient curve of Figure 9 (taken from 
reference 32) covers all cases. 

The dispersion of the ammunition itself is by no 
means the predominant effect in forward firing, 
however. Many other factors contribute to the 
inaccuracy, such as sighting errors, faulty estima­
tion of range to the target, airspeed and dive angle 
incorrect for the sight settings used, uncertainty 
in the temperature of the ammunition, random 
winds, and firing while the dive angle is changing. 
The quantitative effects of these various errors nre 
analyzed in reference 33, from which is taken Table 
:3, showing a typical case. Many good illustrations 
of these e.ffects arc given in reference 16. 

TABLE :3. Effect of v11rious factors on dispersion in 
forw11rd firing of :3.5-in. AR from TBF-1. 

Launcher 3° above d11turn line Dive angle 20° 
Mean temperature 70°F Range 750 yd 

Larmcher length 7.5 ft 

·vertical J~ispersion (mils) 

Ai.t·crllft speed (knots) ......... 200 22.5 250 
Ammunition dispersion ......... 5 4 :3 
Pme aiming error ............ :3 3 " o) 

Random wind (10 fps) ......... 3 :3 3 
Range error (75 yd). 2 2 2 
Temperature error (l 0°:F) ... 2 2 2 
Aircraft speed cnor (J.O%) ..... (j 6 6 

.. Total. ........ - - . . . . . . . . . . . 9 9 8 

Lateral d1:spersion (mils) 

A.tnmnnition dispersion ..... ;j 4 3 
Pure aiming error ............. 2 2 2 
Wind (10 fps) ....... - - - . - . . . . . 8 s 8 
Total .... . ............. '- 10 9 9 

24·, UNDERWATER TRAJECTORIES 
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The underwater ballistics of fin-stabilized rockets 
has already been briefly introduced in Chapter 15 
in connection with head shapes. We have seen that 
the projectile after entering the water travels in a 
bubble and is in contact with the Wtlter only near 
the nose and the tail. In this position it effectively 
has a yaw with its trajectory; consequently the 
forces of the water reacting on the nose are not in 
general symmetrical, nnd a net cross force exists on 
the nose. In the case of a pointed projectile this 
cross force is in the direction opposite to the side 
of the bubble on which the tail lies, and hence is 
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usually an upward force because both the effect of 
gravity and the initial impulse of the water on the 
nose tend to make the tail ride on the bottom of 
the bubble. It has been demonstrated that the 
amount of this cross foree varies greatly with the 
shape of the ogive. Thus there should be practieally 
no side force on a hemispherical ogive, since it pre­
sents the same form to the w~tter when rotated 
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Two other factors in addition to nose shape deter­
mine the magnitude of the cross force. The length 
is important beeause a short rocket will have to 
have a larger yaw in order to ride on the botton1 of 
the bubble than will a longer rocket of the same 
diameter and head eontour. Thus an ordinary shell, 
whether spinning or not, is so short that it cannot 
be stabilized under wt<tcr at all, but turns sideways 
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FIGURE 9. Dispe~·sion of long-buming ~·ockets in forward firing. Middle curve is exact for very long-burning 
rockets; side curves illustrate approximate formulas. 

through a small angle. There will still be a r;;ide 
force on the tail, but, for a long slender projectile 
in whieh the eEmter of gravity is near the ogive, this 
should be negligible. On the other hand, for sharper 
ogives the side force is greatly increased, since for 
a given yaw the ratio of the amount 9f water forced 
to one side to the amount forced to the other side 
of the projectile is greater the longer the ogive. 

nnd comes to rest almost immediately. The effect 
of a motor of diameter less than that of the head is 
to inerease the yaw, beeause tbc smaller motor 
must clip farther into the side of the bubble in 
order to acquire a given restoring moment. Thus 
for the 5.0-in. aircraft rocket which has a 3.25-in. 
motor, no head shape was found which would make 
the rocket stable under water. 
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If the side force becomes too great, as it may at 
high entry velocities and large entrance angles, the 
rocket breaks in two, usually at the junction be­
tween the motor and the head, and the head is 
brought to rest almost immediately. Otherwise the 
side force produoes a curvature of the trajectory, 
and it is ensily shown that the path approximates 
an are of tt circle, the radius of which is directly 
proportional to the rocket's mass and inversely 
proportional to the cross force. 

If this simple pieture were alwnys exactly repro­
duced in practice, every rocket would follow an 
upward-curving path and have a trajectory ns 
shown in Figure 10 until its velocity was so reduced 
th~tt gravitational forces became appreciable. If 

WATER SURFACE 

1------zR sin 0: -----...j 

FIGURE 10. Ideal underwater trajectory of a fin­
stabilized rocket, assuming negligible ehange in 
velocity while below the surface. 

fired so as to enter the water at a sufficiently smnll 
angle with the surface, it would emerge making the 
same angle, and the horizontal distance between 
the entrance rtnd exit points would be proportional 
to the sine of the entrance angle. Although the 
limits of error are necessarily rather large, the 
experimental firings indicate that the average rocket 
docs have such a trajectory. Also in accordance 
with the theory, it has been found possible to con­
trol the radius of curvature ;:<;r:ithin the limits where 
the rocket can stand the eross foree and to reduce 
the deeeleration eoeffieient substantially by shaping 
the heads so that the water breaks away from them 
at a smaller diameter and forms a smaller bubble 
as diseussed in Chapter 15. 

Nevertheless, very erratic behavior is exhibited 
by a small percentage of the rounds, and little is 
known about the reasons for it. One would surmise 
that a yaw at the instant of water imp~wt might 
throw the roeket to one side of the bubble and thus 
cause the normal curvature of the trajectory to take 
place in a plnne inclined to the vertical. British 

firings under conditions whieh allowed recovery of 
the rounds showed that motor tubes (with thinner 
wall than Ameriean designs) sometimes become dis­
torted by the impaet forees and that occ~"tsionally 
one of the four fins remains on th<~ motor; in either 
of these eases a steering aetion on the rocket. results. 
A bizarre example of what kinds of things may hap­
pen was provided by a Tiny Tim which ricocheted 
apparently normally and landed on shore, but when 
reeovered was found to have a l-ft length from the 
front of the motor tube missing, the head being 
jammed back into the remaining tube and in fairly 
good nlignment. 

24 .. 9.1 Tactical Effectiveness of 
Underwater Rockets 

The t'tbility to vary both the curvature of the 
t,notjcetory and the rate of loss of veloeity under 
water makes possible a. significant increase in the 
effectiveness of rockets with certain head shapes 
under ecrtain conditions. A brief quantitative dis­
eussion of this point is contained in referenee 3-i 
from which all of the theory of underwater trajec­
tories has been taken. Additional theory is dis­
cussed in referenees :35 and 36. Qualitatively, it is 
evident that the eurvn.tnre of the trajectory under 
water causes a deficetion from the straight-line air 
trajectory, whieh in certain cases may send the 
rocket into the target, thus increasing the proba­
bility of a hit, but in other eases may send it away 
from the target, decreasing the probability. The 
rapid deceleration of the rocket under water causes 
it rapidly to drop below ~• velocity at which it ca.n 
cause significant damage, and this faetor, ns well 
as the eurvature of the trajectory, must be evalu­
ated to determine the rocket's effeetiveness under 
various conditions. For example, consider the ease 
of a submerged submarine, represented in Figure 11 
by the eircle GBI where the water surfaee is DEF. 
ADG and CFI nre the extreme trajectories, having 
an entrance angle a, that just reach the target. The 
phme MN is perpendicuh"Lr to the a.ir part of th<~ 
trajeetory. The effective target aren then extends 
from ,J to L and is signifieantly wider than the aetual 
target, if the underwater path FI is short enough 
so that the roeket reached I with a veloeity great 
enough to cause significant damage. If, however, 
the velocity at I is below tha.t specified to produce 
the desired damage, a third tra,jeetory must be laid 
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out such that the underwater part of it is equal to 
the length of underwater travel required to bring 
the rocket down to the limiting velocity for damage, 
and the effective target area (proportionnl to the 
distance between AD and the air part of this new 
trajectory) will be correspondingly reduced. The 
interrelation of these various factors makes the 
choice of the optimum head shape and entrance 
::mgle a rather difficult one, depending very criti­
cally on the type of target. 

FIGURE 11. Effective target area for S\lbmerged 
cylindrical target. 

2 uo UNDERGROUND TRAJECTORIES 

Firings of 5.0-in. HVAH.'s and 11.75-in. AR's 
into earth have provided additional verification of 
the theory of underwater trajectories, since one 
would expect underground and underwater per­
formance to be qua1itatively similar. That a rocket 
travels under ground in a 11bubble'' is apparent from 
the erosion marks exhibited by recovered rounds 
(see Figures 13 and 14). Thus heads whieh have 
long straight underwater trajeetorics (small cross 
force) actually do give superior performance under 
ground. 

Because of the variable consistency of earth and 
the meagerness of the data, it is difficult to make 
any general statements about underground trajec­
tories other than that the much larger forces require 
heads giving less nose lift than is usable under water. 
Heads \\>ith little or no lift may still be unsatisfac­
tory, however, if their drag is large so that the axial 
force on the motor is increased. For any head shape, 
it is essential that the motor tube have a relatively 
thick wall and that its junetion with the head be 
strong. 

FIGURE 12. HV AR head shapes tested for under­
ground trajectory, 
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CIT' tests of ground penetration of the 5 .0-in. 
HVAR are diseussed only in the weekly progress 
reports.a7 -a9 The head shapes tested are shown in 
Figure 12 and the results are summarized as follows: 
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FtGUR& 13. U;75~in. s phcrc-ogh·0 lu'!:ad afte1· 
rockc~t had penetr.t-tted '75 ft of catth w ith impact 
velocity 11275 fps. "Wat·t" on nose is fuse. Note 
that erosion ~>:tend:; only to inter~ettion of sphere 
with 20-caJibcr pol'tion ( 6 Jh -in. diamet~1·) . 

Type 1: Standard underwa ter sphcrc-ogivc head . 
With this hci•d , the ro<:k<lL witS cnLircly iltitblc, 
t.nwding underg1·ound (in clay covered with sa nd) 
a n average of neat·ly 50 ft , :\t dive angles of 15 to 20 
degrees. "l'hc; Jatc;ral devifttion was very srmtll, but. 
dcwbt.ions :weraged several degrees from the mean, 
nnd, in contrast to undcrwa.tcl' results, <t consider­
a ble upwitrd curv:Hure of t he Lraj<•c:lory was nol<•d . 
The average round was recovered at a dept h slightly 
less than hnlf tlut.t corresponding t.Q an extension of 
ils air tnljt~ct.ory, and one, fired clt 15-d<~grec dive 
a ngle, actua lly emerged after 24 ft, underground and 
detonated in t he air (it, c·~t rricd a rlccelcratinn·di~· 
criminating fu·t.c) . 

T ype 2: Standard scmi-!lt'mor-picrcing .Mk 2 
head . All hc;ld~ l;t>pa n•tcd from f.hcir motors 11nd 
e merged after 6 to 8ft of t.r·avcl undergt·omld , show­
ing erosion on the nose und one side. 

TY}l<•s 3 and 'I: )>fodific::ltions of Type 2 . Per­
fonu ancc identical with Type Z. Apparently a por­
t ion of the ogivc back of the spherica l nose rcmainod 

l"!Gt;nt: 14. Special 11.75-in. AP head aft~l· t·ocket ha d penetrated 65 ft of earth with impact ve)ocity 1,225 
fps. Note that erosion cxt<!nds to full 11.75 in. diamctel'. 
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in contact \\ith the "bubble," giving a large cross 
force. 

Type 5: Blunt ogive head. Performnnee ickmtieal 
with Type 2. 

Type 6: Hemispherical-nose head. All heads 
broke off from their motors, but the erosion was 
more symmetrica.l than in the unstable cases pre­
viously mentioned, indicating that drag rather than 
cross force may have been the primary factor in the 
failure. 

Type 7: Sphere-cone ogive. This head appeared 
to be near the limit of stability since, although all 
heads brok~~ off, they penetrated l2 to 14 ft and 
eroded quite symmetrically. Apparently the drag 
with this size of spherical nose is still too great. 

Earth penetration tests "with Tiny Tim have been 
made by NOTS, Inyokern, and one must consult 
Navy reports for the details. One such test gave 
the following results at impact nngles of approxi­
mately 33 degrees: 

Sphere-ogive head (Figure 13). This penetrated 
70 ft in the same direction as tbe air trajectory for 
1 ,275-fps striking velocity. 

Mk 1 head. For striking veloeity of 1,380 fps, 
penetration averaged 50 ft and the rounds turned 
up 10 degrees from their air trajectory. (At shal­
lower angles one round broke.) 

Special heavy head (Figure 14) having same ex­
terior contour as Mk 1 but a greater length and 
weight. These rounds weighed approximately 1,.550 
lb instead of 1,120 as for the previous types. For an 
entn:mce velocity of 1,225 fps, their penetration 
characteristics were identical with those of the 
sphcre-ogive heads. Why these should not turn up 
ns the Mk 1 heads do hns not been explained. 

vV'hen heads having the same shape as the JVIk 1 
were fired with Mk 2 motors (wall thickness 0.240 
in. instead of 0.300 in.), all motors were shattered, 
although their underwater performnnee is entirely 
satisfactory. 



Chapter 25 

EXTERIOR BALLISTICS OF SPIN-STABILIZED ROCKETS 

By C. W. Snyder 

2 5.1 SIMPLEST TYPE OF 
SPINNER MOTION: NUTATION 

T HlD MOTION of a spin-stabilized rocket in the 
absence of gravitational and aerodynamic forces 

is closely analogous to that of a finner in air. For 
the latter, the equilibrium position is one of zero 
yaw, and if displaeed from it the rocket oscillates 
(in the plane determined by its axis and the tangent 
to the trajectory) with a frequency which increases 
with velocity at just the proper rate so that the 
distanee traveled in each oscillation is a consta,nt, cr. 
The equilibrium position of a spinner in the absence 
of air is also one of zero yaw. When displa.cecl from 
this orientation, it oscillates so that the distance 
traversed during each oscillation cycle is a constant, 
A, analogous to cr. Unlike the firmer, however, the 
oscillations are not in one plane-the nose of the 
rocket moves in a spiral about the trajectory of 
the center of mass. This motion is called nuta­
tion; its projection on a plane through the trajee­
tory duplicates exactly the oscillation curve of a 
finner. The constancy of the distance covered in 
each nuta,tion cycle is a consequence of the fact that 
the rate of nutation is proportional to the rate of 
spin, which is, as indicated in Chapter 21, propor­
tional during burning to the velocity. The analogy 
between finnet and spinner motion is exact both 
during and after burning if one assumes that there 
is no jet mahligmnent, no aerodynamic forces on 
the spinner, and no damping forces on the finner. 

Although these features of similarity between 
spinner and finner behavior are helpful, both the 
force system and the motion of spinners under con­
ditions of reality are, in general, somewhat more 
complicated than those of finners. The complica­
tions result from the larger number of forces and 
moments which act on spinners, in combination 
with gyroscopic action. 

2 5 ·2 FORCE SYSTEM OF SPINNERS 

As was done for finners in Chapter 24, the first 
step is to set up a system of a small number of forces 
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and torques which will be equivalent in effects to 
the multiplicity of distributed forces, both internal 
and external, which govern the motion of spinners. 
A detailed discussion of such a force system is given 
in Exten:or Ballistic.s.1 

The important elements of the system are five 
forces and four moments, as tabuhttcd below. 

The forces are 
1 . Gram:ty. 
2 . .Jet forces, which act only during burning. 
3. The drag, which, like thnt for finners, results 

from high air pressure on the nose, reduced pressure 
behind the rocket and skin friction. 

4. The l1jt or o·oss-wind force, which accompanies 
yaw and causes planing action, tending to push the 
rocket in the direction of its yaw. 

5. The Magnus .force, an aerodynamic force pecu­
liar to spinning projectiles.~ It appenrs whenever 
there is a component of airflow perpendicular to the 
spin axis (i.e., when the ya\v is not zero) and tends 
to move the rocket in a direction perpendicular to 
both the yaw and the trajectory. We can visualize it 
most easily if we consider the case where the rocket 
is oriented broadside to the relative wind (yaw= 
90 degrees). The skin friction carries a certain 
amount of air around with the rocket as it rotates, 
and on one side of the rocket this trapped air eol­
lides ,.,-ith the air flowing past, cteating ft higher 
pressure, while on the other side the trapped air and 
the free air flow in the same direction giving reduced 
pressure. Theoretical analysis shows that the Mag­
nus foree is proportional to the product of the 
rocket's angular velocity by its linear velocity, and 
for smaller yaws than 90 degrees the factor sin o is 
also included. 

The most important moments are: 
1. The overturning moment, which tends to turn 

the rocket across the trajectory because the center 
of pressure (where lift and drag are assumed to act) 
lies forward of the center of mass. Finners have a 
righting moment instead. 

2. The ~Magnu.s moment exists whenever the 

• This is t,he force which causes a properly thrown baseball 
to curve. · 
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Magnus force is applied elsewhere than at the 
center of mass. It is small in magnitude but im­
portant in effect. 

3. The spin deceleration moment, which tends to 
slow down the spin because of air friction. 

4. The damping mornent, which always opposes 
the yaw, exists only when the yaw is changing and 
tends gradually to clamp it out. It results from the 
difference in the forces on the two ends of the 
rockets associated with their different air velocities 
when the yaw is changing. 

The greater complexity of these forces and mo­
ments as compared with those which act on a fin­
stabilized projectile is apparent. For a finner, force 
5 and moments 2 and 3 arc entirely absent, while 
foree 4 averages to zero because the rocket has a 
zero ya>v on the average. If it is assumed that the 
overturning moment is proportional to the yaw 
angle (as was done also for finners and is approxi­
mately true for small yaws), then the equations of 
motion are linear, and the effects of the various 
forees may be computed sep~1mtely and added to 
give the final motion. We shall eonfine ourselves 
mainly to this approximation since it will explain 
adequately the main features of spinner motion. 
There remain, however, a few important effects 
that require more complicated analysis. 

The general features of spinner motion were 
sketched in Chapter 21, and it is suggested that the 
reader glance through the pertinent sections there 
before proceeding further. In the following para­
graphs, we shaJl extend the analysis of Chapter 21, 
but without discussing the equations of motion 
from whid1 the re~mlts are calculated. For further 
details the reader is referred to Bxterior Ballist?.cs1 

or to the original papers 
It will clarify the following to keep in mind a 

p~trticular rocket, and the 5.0-in./5 HCSR :Model 
34 (5.0-in. Rocket Mk 10 Mod 0) will serve as an 
example. It is described in Chapter 20. In Table l 
are given the pertinent ballistic constants for such 
a rocket. Slight changes from the actual constants 
have been made for convenience in applying the 
graphs to follow. Notation used in this chapter is 
the same as in Chapter 21, with certain ndditions, 
nnd is summarized in Table 2. 

2s.s MOTION DURING BURNING 

As indicated in Section 2.).1, a spinner, in the 
absence of gravity and aerodynamic forces, \v:i.ll 

move along a straight trajectory with its nose oscil­
lating in a spiral of constant nutation distance. In 
a real rocket, of course, this motion is modified. 
During the period of propulsion (burning period) 
the principal factors affecting the motion are the 
overturning moment, gravity, interaction with the 
launcher, and wind. 

TABLli: 1. Ballistic constants of typical5.0-in. spinner.* 

Stability factor during burning: S = 2 

Radii of gyration: 

Feet per turn: 

Feet pet nutation: 

Burning distance: 

!{2 = 0.60 ft 2 

6ft 

}1. = 120ft 

db = 325ft 

Y clocity parameter for the end of burning: 

l1> ~~ ~~~~ 1..50 

Acceleration at 70 F: G ~ 30o = 066 ft/scc 2 

tt.. = V2Aj(/= · /?40 = 0.50 sec 
\/966 

= 481ft/sec 

0.00218 sec/ft. 

*The constants te.bulatcd nrc approximately those of the 5.0-in./ll HCSR 
Model 3·1 which has an overall length of 32 in. (including .nose lnze), a 
weight of 50 lb, and a velocity of 790 Ips. and· spins at l.30 rps. 

25.3.1 Effect of Overturning Moment 

The overturning moment, the principal aero­
dynamic effect 1 introduces gyroscopic precession. 
Any uniform torque on a spinning gyroscope causes 
its axis to precess so that the motion of any point 
on the axis is a circle. The overturning moment 
acting on a spinner with a given ynw leaves the mag­
nitude of the yaw constant but rotates the plane of 
yaw uniformly about the trajectory. In general, 
the initial conditions are not such as to give this 
dynamically stable mode of motion, but the nut~'t­
tions will be superimposed on it. 

In the following discussion we shall frequently 
find it convenient to represent spinner motion 
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TABLE 2. Notation for spin-stabilized rockets. 

velocity parameter. t ., V dl"; t p ""' ...;:p;;:: 
characteristic function for a trajeetory orientation 
(see Table 3). 
01'ientation of the tangent to the trajectory relative to 
tho launcher. 
quadrant elevation o[ the l!nwchcr. 
distance traveled in one nutation, assuming con­
stantS (ft). 
distance traveled in one rotation. 

<I> characteristie funetion for ol'ientation of meket, axis 
(see Table 3). 

<P oriE~ntation of the rocket axis relative to the Jauneher. 
IJ subscript denoting "at the end of burning." 
d distanee along trajectory from point of ignition (ft). 

d ~Gt. 
E function giving variation of malalignment effect with 

launcher length. 
a acceleration of the rocket in horizontal fire (ft/see2). 

g acceleration of gravity (32.2 ft/sec~). 
K transverse radius of gy.J·at.ion (ft). 

/1: polar radius of gyration (ft). 
l length of rocket (ft). 
p latmcher length (ft). As a subscript, it signifies "at 

the end of the launcher." 
q transverse angular· velocity of mallaunching (radians 

per second). As a subscript, it denotes "produced by 
mallaunching.'' 

R,. jet malalignment (ft). 
S stability factor [see equation (23) of Chapter 21]. 

spin angular velocity (radians per second). 
t time (seconds). 

t'A time required to complete first nutation (assuming 
nutation and acceleration to commence simultaneously 
and rocket to continue burning throughout the nuta-
tion). tA. = v2i..jG. . 

11. "" unbalance. Subscripts S and D denote static and 
dynamic unbalanee. 

v = velocity (fps). 
Vf- velocity at the end of the fu·st nutation (same assump­

tions as for tf-). V ,._ = ~ 

W wind velocity (fps). As a subscript, it denotes "pro­
duced by wind." 

W,v wind vcloeity component. perpendicular to launcher 
(fps). 

X, Y <ioordinatcs in a phtne pc1·pendicular to the launcher. 
X is positive to the right and Y is positive down. 

graphically by using a moving system of coordinates 
having its origin at the center of mass of the rocket, 
its Z axis pointing in the direction of the launcher, 
its X axis pointing to the right, and its Y axis 
pointing down. The change of the rocket from its 
original orientation (the Z axis) can then be repre­
sented by the projection on the XY plane of a point 
1ft ahead of the center of mass, and, in the approx­
imation of small angles, the distance of the pro­
jected point from the origin is proportional to the 
orientation angle. As the motion proceeds, this 
point will trace out a curve which is easily inter-

preted by imagining one's self standing behind the 
rocket and watching the motion of the nose. Such 
curves we shall call "orientation curves," and a 
number of them will be included later in this ehap­
ter. A much more complete set is contained in 
Exterior Ballistics .1 

As in the previous chapter, we shall use three 
angles to specify the rocket's position and motion: 
fJ angle between the launcher line and the tan­

gent to the trajectory, 
cf> angle between the launcher line a.nd the rocket 

axis, and 
o = angle between the rocket axis and the tangent 

to the trajectory.b 
Since the motion is not plane, we shall have to give 
the projections of these angles on the horizontal 
and vertical planes, and shall denote the projec­
tions by subscripts X and Y, respectively. 

The orientation curve for a precession or an un­
damped nutation is a circle, and it is simple to super­
impose the two circular motions provided that we 
know their relative veloeities. From an analysis 
which ineludes tl1e effeet of the overturning moment, 
but excludes other aerodyn~tmie forces and gravity 
(which would introduce only minor corrections), we 
find 

Angular velocity of nutation = 

sk2 . ;,------::----,-,,--
2](2(1 + v l 1/S); 

Angular veloeity of precession = 

1/ S). 

From the ratio of these we find that the number 
of nutations for eaeh precession is 

1.00 for S 1.00 (very low stability factor); 
5.82 for S = 2.00; 
~).86 for S = 3.00; 
48 2 as the limit approached for very large S. 
Thus the distinction between nutations and pre-

cessions virtually disappears for very low stability 
fnetors. 

At the snme time, of eourse, the rocket is rotating 
(spinning) about its oscillating axis with a higher 
:1ngular velocity s. Dividing this by the angular 

b Evidently in order to draw an orientation curve for the 
yaw angle li, we should have to take the Z >txis pointed along 
the trajectory instead of along; the launcher, but only one 
such curve is given in this book. 
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velocity of nutation, we get the number of spin 
rotations per nutation as 

1{2 . ' . 2.0 ,,2 for /::) = 1.0; 
'" 
}"' 

1.17 k~" for S = 2.0; 

1.10 i~
2 

for S = 3.0; 

J(2 . . • 
1.00 k2 as the lmut approached for large S. 

Sime v i,; the tli,;tttncE~ tnt veled during each rota­
tion, the distance for each nut!ttion is, for large 
values of S, 

This depends only on geometrical constants of the 
rocket. For values of 8 customarily used for 
ground-fired spinners, this expression gives a result 
about 15 per cent lower than that observed. 

0 6 

FIGURE 1. Precession and nutation without damp-
ing (S 2). 

The orientation of a precessing and nutating 
rocket with a stability factor of 2 is shown graphi­
cally in Figures l nnd 2. The first shows the case 
where the nutation amplitude is constant and one­
fourth that of the precession, and the second shows 
a case of extremely large damping where the ampli-

tude of the nutation decreases to 0.7 times its 
former value during each nutation and where the 
rocket is 1:eleased with zero yaw, so that initially 
the nutation and precession amplitudes are equal. 
The numbers along the curves indicate the ends of 
each nutation. 

3 

FIGURE 2. Precession and damped nutation (S 
= 2). 

25.:i.2 Efiect of Gravity 

If no aerodynamic forces were acting, the effect 
of gravity would be simply a vertical dmp of the 
trajectory. Thus our hypothetical HCSR. fired 
horizontally from a, zero-length launcher would 
have an acceleration g dov;rnward and 30g forward 
so that its center of mass would move in n, straight 
line falling bdow the horizontal by an angle whose 
tangent is 1/30, i.e., by 33 mils. Since its nose 
would continue to point in the clireetion of launch­
ing, it would have a 33-rnil yaw upward. After 
burning, it would of course move in a pEtrabola 
instead of a straight line. 

· In the presence of the overturning moment; the 
up yaw caused by the gra·vity drop lifts the nose, 
inducing a precession first to the right and then 
down. The process is slow because the mttgnitude of 
the y~tw causing it starts at zero and builds up 
slowly, but by the end of burning the rocket will be 
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somewhat to the right of the launcher line and, if 
the burning time is long enough, may drop well 
below the point where gravity alone would have 
.taken it. This effect is calculated in reference 2 
and shown graphically in Figures 3 and 4, which 
give the orientation curves for the rocket axis and 
the trajectory, respectively. As in Figure 4 of Chap­
ter 24, the quantities shown in the graphs are 
11characteristic functions" E> and <I>. To obtain the 
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FIGURE 3. Deflection of the rocket axis due to 
gravity, during burning (S = 2). 

actual angles IJ and ¢ in radians for any p~trticular 
rocket, the functions must be multiplied by the 
factor g/G for horizontal launching, or in general 
for a quEtdnmt angle (1 0 , by the factor g sin IJ0/ 

(G g sin (1,1)." Thus, in the particular case we 
are considering, the point at the end of burning 
(f = 1.50) corresponds to 

<l>gx. = 1.47; W0y 0.6; 

(t<)qX = 0.56; GoY = 1.05. 

for the zero-length launcher. The conversion factor 
g/G = 1/30 so we calculate that the rocket is point-

• Relations between characteristic functions and actual 
angles are given in Table 3 for all functions used in this chapter. 

ing .cl:9 mils to the right and 20 mils below the lauucher, 
and the trajectory is deflected 18.7 mils to the right 
and 35 mils dowuward. Here the downward de­
flection is barely greater than it would be in the 
absenceof the overturning moment, but it is appar­
ent from the curves that with a little longer burning 
time it would become much greater. 

T.ABLE 3. Relations for converting from characteristic 
functions to actual angles.* 

Gravit,y: 

0 Y-r:., . (;.""•· 

Mallaunching; 

Wind: 

llw 

Relations between q, and <I> arc identieal. 

t\ >hA/G 

! = Vd/i. 

!, = Vp/"A 

*All above relations assume horizontal fi,re. If quadrant elevation is 8o 
substitute G g •in Oo for G and g cos Oo for g wherever they appear. 

Each of the curves of Figure 4 shows a minimum 
of right deflection for r """ 2.8, because slightly 
before this the rocket has made one complete preces­
sion and is ready to start heading off towitrd the 
right again. For higher stability factors, the rocket 
travels farther in one precession, and the gravity 
deflections for a giveu burniug distance are some­
what less. 

Curves giving the deflection of the center of 
mass from the range line throughout burning are 
also given in reference 2, but in most actual cases 
where the total flight distance is considerably 
greater thau the burniug distauce, this deflectiou 
may be ueglected, and the trajectory angle at the 
end of burning will give the final deflection with 
suffi.cieut accuracy except for drift effects. 

After burning ceases, the curves of Figures 3 and 
4 are no louger applicable; the rocket tends to settle 
into the position where the yaw to the right pro­
duces enough precessiou to cause it to follow the 
trajectory, as explained in Chapter 21. 
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25.3.3 E:ffect of Mallaunching 

One of the most imporhmt factors in spinner 
motion, and the mo.st difficult to control, is mal­
launching. The term "mallaunching" is used tech­
nically to denote any angular velocity, about a 
transverse axis, :which the rocket a,cquires during 
launehing. Such angular velocities may be pro­
duced by gnwity (tip-off), a faulty launcher, 
dynamic and static unbalance of the round, elliptical 
bourrelet~s., or jet malalignment. 

Because the effect of mallaunching in deviating 
the trajectory occurs almost entirely in the early 
part of burning before the velocity and the aero­
dynamic forces become large·' a faidy satisfactory 

Qlqy 

FIGURE 5. Deflection of the rocket axis due to 
mallaunching, during burning (S = 2). 

treatment of it can be obtained by assuming that 
no aerodynamic forces act on the rocket. References 
3 and 4 contain this analysis. The more general 
ease where the effect of the overturning moment 
is included is discussed in reference 2, and both 
cases are treated in Exterior Ballistics.1 

If one assumes that the launcher is absolutely 
rigid and that there is no friction, malalignment, or 
unbalance, the angular velocity produced by tip-off 
is computed easily by considering the gravity torque 
acting on the rocket, supported on its rear bourrelet, 
during a time equal to that between the arrival of 
the front and rear bourrelets at the end of the 
launcher. The resulting equations are given in 
reference 4 and are identical with those for finners 
because the gyroscopic forces can produce no sig­
nificant effect in so short a time. Practical launchers 

are not absolutely rigid, and their reaction on the 
round mfty impart to it either more or less ~mgular 
velocity than the simple theory would predict. It is 
this variation in mallaunching that produces the 
sometimes rather huge discrepancies in centers of 
impact among different hmnehcrs. 

If, on leaving the launcher, a rocket receives an 
angular velocity thro·wing the nose downward, for 
example, it responds in the ma,nncr that we have by 
now come to expect, changing the downward mo­
tion into motion to the left. Here, however, we 
have to do, not with a precession, which is the 
response to the continued action of a force, but 
>vith a nutation, which is roughly 48 times more 
rapid than a precession. The nose moves in a tight­
ening spirald so that virtually all the change in 
orientation occurs in the first nutation, a,s shovvn by 
Figure 5 in terms of symbols similar to those of 
Figure 3, except that we must rotate the figure 
clockwise 90 degrees in order to apply to tip-off. To 
get the actual angles, we multiply the tabulated 
functions by the factor tt.. V2'Af(};" the result is 
expressed in angular units per unit of mallaunehing 
veloeity. For our hypothetical HCSR, the factor 
is 0.50 for horizontal fire. 

Using the curve for the zero-length launcher, we 
find that by the end of burning (.1 = 1.5) the rocket 
has completed 2}1; loops on its spiral and has 
coordinates 

<i>qx 0.8; iP~y 0.25; 

corresponding to an orientation 0.15 degree (or 
mil) below and 0.125 degree (or mil) left of the 
launcher line for an initial angular velocity of 1 
degree (or mil) per second. 

After the end of burning, in the absence of aero­
dynamic forces, the nose would move in a circle 
having the same center and radius as the spiral had 
when the thrust ceased. With the overturning 
moment acting, this nutation will, of eourse, be 
superimposed on the precession. 

The direction of the trajectory during burning is 
given similarly in Figure 6.f Again we turn the 

d The reader may recognize it as a Cornu sp.ital, which 
gives another representation of the Fresnel integrals which 
appear so h·equently in the theory of both finner and spim1cr 
trajectories. 

cAs before, we use G g sin lio in place of G if the quadra1\t 
elevation is greater than zero. 

f Figure 5 represents the vacuum case, but Fignre 6 includes 
the aerodynamic overturning moment, the effect of which is 
quite small in this case. 
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FlGURE 6. Deviation of the trajectory du1a to mallaunching, during burning (S;;:::;: 2). 

figure through 90 degrees to apply to tip-off and 
examine the case !;p = 0, obtaining 

E>,1x 0.188; Elax- = 0.207. 

The conversion faetor is again 0.50, so that the 
trajectory m1gles are 0.094 mil dowu and 0.104 mil 
left for each mil per second of .initial angular velocity. 
Thus it requires a tip-off of 180 mils per second to 
more than ofl'set the approximately 19 mils right 
deflection which >ve calculated for the gravity 
effect. In prac.tice, longer launchers are used, re­
ducing the gravity etTect relative to the tip-off effect, 
and the tip-off is large enough (approximately 100 
mils per seeond for the 5.0-in. GPSI-Vr: and 2 or 3 
times this for some rockets), so that it usually pre­
dominates, and the rocket has a left orientation 

g Described in Chapter 20. 

throughout burning and drifts ::;tcadily to the left.h 
In discussing dispersion we shall be interested in 

the magnitude of the trajectory deflection without 
regard to direetion for various. launeher lengths. 
]\feasuring the radii from the origin to the t 1.5 
points on the three curves of Figure 6, we obtain 

rp = o; P ~ o; e = o.278; O/q = o.139; 

r1, = o.2; P ~ 5 ft; e = o.178; o;q = o.os9; 

.1 p = o.3; P ~ n ft; e 0.142; 0/q 0.071; 

where 0/ q is the actual trajectory angle at the end of 
burning for unit malla.unching. 

h The calculated orientation at the end of burning, analyzed 
into gravity and tip-off effects at'e tabulated for several 5.0-io. 
spinners in referenee 5. 
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Wind Effect 

One more factor of importance during burning is 
the wind, which may alter the trajectory sig­
nificantly. For the component of wind along the 
range line, the effect is nonlinear and quite com­
plicated/ so we shall discuss only the cross-wind 

-!.6 -1,4 

to unit wind velocity. It will be noted that a 
positive v,rind increases the gravity drop in all eases, 
but the lateral deflection starts down·wind and then 
reverses if the burning continues long enough. After 
burning, the deflection is naturally downwind be­
cause of the downwind component of the drag just 
as in the case of finners. 

+0.6;r, 
Y'wx 

FIGURE 7. Deflection of the rocket axis due to cross wind during burning (S = 2). 

effect. If a wind is blowing across the launcher 
from left to right, the effect is essentially as if the 
rocket were launched into still air with a yaw to the 
right. Hence an overturning moment exists because 
of the wind, and the rocket precesses . clockwise as 
would be expected. Nutation is of little importance 
in this motion, and the deflection is slow and spread 
out through the whole of burning instead of taking 
place mostly in the first nutation as in the case of 
mallaunching. Also in contrast to the mallaunching 
effect, it is relatively insensitive to launcher length. 

The characteristic functions for cross wind are 
plotted in Figures 7 and 8. The conversion factor 
in this case is 1/vA. = l/V2GA, the results applying 

Numerical values for our hypothetical example 
are (using r p = 0) 

<Pwx =' 1.19; 

0wx = -0.03; 

Wwy = 1.63; 

0wr = 0.87. 

Using the conversion factor 2.18 X 10-·\ we find that 
at the end of burning a cross wind toward the right 
of 1 fps will tip the rocket axis 2.6 mils left and 3.6 
mils down, and deviate the trajectory 0.065 mil 
left and 1.9 miis down. rrhe very small value of the 
lateral deviation is obviously an accidental result of 
the particular burning distance chosen. Increasing 
or decreasing the burning distance by a factor of 
2 would increase the deviation more than tenfold. 
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FIGURE 8. Deviation of the trajectory due to cross wind during burning (S 2). 

The calculations do show, however, that wind sensi­

tivities of 1.5 to 2 mils per fps are obtained for low­
stability spinnerB, so that gusty winds varying in 

velocity by only 5 or 10 fps can easily double the 
dispersion. As the stability factor increases, the 
characteristic curves for cross-~ind effect hug the 

vertical axis more and more elosely, ::mel the vertical 

deflections also decrease, so that, if the dispersion 
produeed by variable cross wind is to be kept low, a 
high stability fnctor is essential. 

"'"A, MOTION AFTER BtlRNING 

In all of the foregoing discussion of motion during 

burning, the only aerodynamic effect which has 

been assumed to be acting is the overturning 

moment. This is permissible because all other a,ero­
dynamie effects are smaller and do not make them­

selves felt because of the short time involved. After 
burning, the times involved arc, in gfmeral, con­
siderably longer and virtually all the forces and 

torques may have observable consequences. 

25.4.1 Gravity 

As has already been mentioned, the primary 

effect of gravity is in producing curvature of the 

trajectory so that the rocket assumes an equilibrium 

yaw to the right. In addition, for high-angle fire, it 

causes large changes in velocity so that the aero-
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dynamic forces, and hence also the stability factor, 
vary widely iu different portions of the trajectory. 

25.4.2 Drag 

The drag force reduces the velocity gradually 
without affecting the spin. In the absence of other 
factors, it would gradually incre:1se the stability, 
but the much larger changes in velocity caused by 
gravity make its effect relatively insignificant. 

25.4.3 Lift and Magnus Force 

The equilibrium yaw to the right after burning 
causes the cross-wind force to be directed toward the 
right -and the Magnus force to be directed up­
wards,' and both forces produce drifts. The 
theoretical treatment of these effects is not very 
satisfactory, and the l'eader is referred to Exterior 
Ball£stics 1 for quantitative details. We would ex­
pect, however, that the drift to tho right would 
be approximately propol'tional to the equilibrium 
yaw augle and hence {from equation (24) of Chapter 
21] proportional to the angular velocity of spin for a 
given quadrant angle. It is proportional also to the 
flight time and to the angle of elevation. 7 For the 
5.0-in./5 HCSR fired at 45-degree elevation, the 
drift amounts to approximately 34 mils. 

The Magnus force is proportional to the spin 
velocity and to the broadside area (hence, for a 
given caliber, proportional to the length L), so that 
the soaring effect, which increases the range, should 
be proportional to the factor .s2L. This soaring effect 
is difficult to separate from other effects, but it 
appears to increase the maximum range of the 3.5-in. 
spinner by about 5 or 10 per cent. 

25.4.4 Spin Deceleration Moment 

The spin deceleration moment, in addition to its 
obvious role of reducing the spin, tends slightly to 
increase the amplitude of the nutations. This can be 
understood by noticing that its effect is directly 
opposite to that of the jet force in accelerating the 
spin during burning, so that it tends to move the 
rocket outward along the Cornu spiral of Figure 3. 
The effect is small, but not insignificant, for we 

'This is exa.etly true only if the Magnus moment is zero. 

shall see that damping the nutations is all-important 
in achieving stability in high-angle fire. 

25.4.5 Damping Moment 

In analogy with finners, the damping moment 
serves to remove energy from the nutations. In this 
role, however, it is overshadowed for spinners by 
the Magnus moment. 

25.4.6 Magnus Moment 

The most obvious effect of the Magnus moment 
is to alter the equilibrium yaw so that it is not 
directly to the right but is below or above this 
position according to whether the point of applica­
tion of the Magnus moment is ahead of or behind 
the center of mass. Its most important role is in 
connection with stability, as disc.ussed in the fol­
lowing section. 

:i\5.5 STABILITY 

The term "stability" has a rather vvidc variety of 
meaning. As applied to spinning rockets, it usually 
means that the yaw is small during the whole flight 
and undergoes no sudden changes. Small yaw is 
necessary in order to keep the drag low, to avoid 
losses in range and striking velocity, in order to 
minimize dispersion, totnd in order to have the rocket 
strike nose first as required for proper fuze operation. 
In Chapter 21 we noted that one condition necessary 
for stability is that the gyroscopic forces, expressed 
by the stability factor S, be sufficiently htrge. If, 
for example, S = 0.96, the nutation amplitude is 
multiplied by 3.5 every nutation, or by 525 every 
five nutations, and the nose of the rocket is very 
soon traveling in a spiral of radius comparable with 
the length of the round with a yaw that may be 30 
degrees or more. In practice the only feasible 
method of increasing stability is by increasing the 
spin. If the stability factor is high enough to get the 
rocket safely to the end of burning, no later trouble 
from this source will develop, since the drag reduces 
the velocity faster than the spin deceleration 
moment reduces the spin. 

When a spinner is fired at an elevation angle too 
high for its rate of spin, an entirely different type of 
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instability sets in at or somewhat beyond the peak 
of the trajectory. The yaw builds up suddenly to a 
very large value, the rocket emits a noise which has 
come to be known among range workers as a 
"wow-wow," a.nd the projectile strikes the ground 
approximately broadside and usually considerably 
to the left of its normal impact point. This behavior 
occurs bec~1use the gyroscopic stability prevents the 
rocket from ::tligning itself promptly with the 
rapidly cha.ng;ing direction of the trajectory, so 
that the yaw execeds a eertnin critical value. What 
determines the critical yaw we shall see presently. 

We have seen in Chapter 21 that a spinner is able 
to follow its curved trajectory because it has an 
equilibrium yaw to the right so that the overturning 
moment makes the nose precess downward. As 
indicated by equation (24) of Chapter 21, the mHg­
nitude of this equilibrium yaw for any point on the 
trajeetory is proportional to the component of 
gravity normal to the trajectory and inversely pro­
portional to the velocity. Both these factors vary 
in such n. way as to make the equilibrium yaw a 
maximum at the peak of the trajectory and <·.ritieally 
dependent on the quadrant elevation. As an 
example/a a rocket which has a.n equilibrium yaw of 
1 at the end of burning for horizontal fire 
mtty have the following values at the summits of 
high-angle trajectories: 

Angle of elevation 
Equilibrium ttngle of yaw 

Degrees 
30 40 50 55 60 

2.30 3.6 6.4 0.4 14.5 

These values arc probably a fairly good approxima­
tion to the equilibrium yaws of the 3.5-in. spinner, 
but are too high for 1i10st of the 5 .0-in. ba.rra.ge 
spinners. 

Our assumption that the overturning moment is 
proportional to the yaw or to the sine of the y~1w is 
obviously false for large yaws. Long before the yaw 
becomes 90 degrees, this moment goes through a 
maximum and then usually decreases to zero and 
changes into a righting moment. A spinning rocket 
for whieh the overturning moment is negative will 
apparently have its equilibrium yaw to the left, 
and hem~c the earlie:;t explanation of the "wow­
wows'' was as follows. i 

As the projectile approaches the summit, the 
tangent to the tra.jectory turns more and more 
rapidly, and the projeetile must yaw farther and 
farther right so that the aerodynamic moment will 

l This explanation is derived in greater detail in referenee 7. 

be large enough to mtuse the nose to precess down­
ward at the same rate that the trajectory tmns. 
Eventually it reaches the angle corresponding to 
maximum overturning moment, and for grenter 
yaws the moment decreases; then it is impossible 
for the axis of the projectile to turn as rapidly as the 
trajectory doeR. The nose continues to precess down 
and to the right, but the trajectory turns downw~trcl 
much more rapidly so that the yaw increases to the 
point where the twrodynn.mie moment reverses sign 
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FIGURE 9. Variation of overturning moment co­
efficient with yaw for typical 5.0-in. spinners. c.ll is 
propox·tional to the overturning moment divided 
by the square of the velocity. 

and becomes a righting moment. As long as this 
moment is no larger than the maximum overturning 
moment, the nose of the rocket precesses upward 
and back to the left at a relatively slow rate; but if, 
tts the velocity and yaw increase, the righting 
moment becomes large enough, there is a new 
equilibrium ya'v position in which the rocket has tl 

large left yaw. Its axis then spirals around this new 
equilibrium position with an amplitude that is very 
large because the initial position was so far from the 
equilibrium position. 

This theory explained the qualitative behavior 
very well, but it broke down completely as soon as 
wind and water tunnel data and especially yaw 
camera data began to beeome available. Thus it 
was found tha.t most become unstable at an 
equilibrium ynw in the neighborhood of 10 degrees, 
whereas the yaw for which the overturning moment 
is ~• maximum is always considerably greater than 
this value. The actual variation of overturning 
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moment with yaw differs greatly for different rock­
ets, as can be seen in Figure 9, where the quantity 
plotted is the overturning moment coefficient.k 

The true nature of the instability was first re­
vealed by yaw camera reeords 1 such as those in 
Figure 10. This record shows the variation over an 
interval of about 10 seconds in the angle between 
the axis of the rocket and the.rays of the sun. The 
oscillations whose amplitude is increasing nearly 
exponentially are the nutations. The time scale is 
defined by the 0.14-second period of the nutations. 

No.I? 

list?:cs / that the Magnus torque is the only aero­
dynamic force which, averaged over a nutation, 
can add or subtract a significant amount of energy, 
and that it is responsible for the instability. 

The direction of the Magnus force is perpendicular 
to the trajectory and to the plane of yaw, nnd its 
point of application depends rather critically on the 
yaw. For very large yaws, it is probably at the 
center of figure of the rocket, whieh is usually 
slightly baelc of the eenter of mass, but for small 
yaws it is usually ahead of the center of mass. 
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Figure 10. Yaw camera record for spinner which becomes unstable because of negative damping of the 
nutations at the peak .of the trajectory. 

Evidently the instability is due to a building up of 
the nutations rather th~"tn any change in the preees­
sional motion. Records covering the early part of an 
unstable trnjeetory show that for several seconds 
after launehing the nutations are clamped in the 
sH.me way that they are throughout nll of a normal 
tn•jectory. Apparently, when the yaw exceeds a 
eertain critical value, something begins to pour 
energy into the nutational motion. It was shown in 
referenee 11, and in greater detail in Exterior Bal-

I< Curves are reproduced from a local memorandum' based 
on data from a Natiom>.l Bureau of Standards reportn on wind 
tunnel measurements and on various repm-ts on high-speed 
water tunnel measurements by the CIT Hydraulic Machinery 
Laboratory. 

1 The yaw camera is described in Field Testing of Rockets, 10 

one of the CIT OEMsr-418 final reports. 

The Magnus force probably varies fairly closely with 
the sine of the angle of yaw, but, because of the 
shift in its point of applioation from ahead of to 
behind the center of mass, the Magnus moment is 
positive (i.e., overturning) for small yaws and nega­
tive for large y~"t ws, and its maximum positive value 
may occm for yaws of only a few degrees. The 
damping effect of the Magnus moment is easily 
understood from Figure 11. In part A of the 
figure is plotted a hypothetical variation of Magnus 
moment with yaw, and in B we consider the magni­
tude and direction of the Magnus torque during a 
single nutation for two cases where the equilibrium 
yaws correspond to points A, B, and C. 

To simplify the figure, the preeessional motion is 
omitted, and as usual the rocket's varying orienta-
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tion is represent.ed by +.be eurve (a circle) traced by 
its nose as we look along the trajectory in the 
direction of motion, the difference between this and 
previous figures being that the Z axis is now along 
the trajectory inc;t.eacl of along the launcher. The 
straight ttrrows represent the torque at various 
points during the nutation, their magnitudes being 
obtained from the upper curve and their cli~e!:tions m 

being at right angles to the line representing the yaw 
(i.e., the line from T to the point on the circle). It 
is evident that for small yaws (points A and C) the 
net effect of the torques is to oppose the motion and 
hence damp out the nutations, whereas for large 
yaws (point B), the net effect is in the same direc­
tion as the motion, and the damping is negative. 

il 
"' 
"' ;;, 

~~~------~------~~--~--~~~~~ 
q I 

"' A 

y 
B 

FIGURE 11. Diagram illustrating the effect of thl$ 
Magnus moment d\lring one nutation. 

The derivation of the exact critical yaw which 
separates positive from negative damping is some­
what involved, but the result is shown in part A 
of the figure. One might expect it to be at the exnct 
peak C, but it is displaced slightly beyond by the 
fact that the vectors representing the torques are 
not all parallel. 

"\Vhcn, near the peak of the trajectory, the 
equilibrium yaw exceeds the critical yaw, the nuta­
tion amplitude begins to build up slowly so that it 
will he somewhat beyond the peak that the adual 
"wmv~wows" begin. In fact, if the angle of ele­
vation is only very slightly too large, the equilibrium 
yaw may decrease below the critical point on the 
descending part of the trajectory before the nuta-

m These arrows arc not conventional torque vectors but 
point in the direction which Uw torque tends to moYe the nose 
of the ro<_,ket. 

tions have built up significantly, so that nothing 
noticeable happens even though the damping was 
negative for a, time. 

25.5.1 Effect of Wind on Stability 

From the preceding analysis we can immediately 
derive one important effect of down-range winds, 
the treatment of which we have omitted because of 
its complexity. Obviously a wind in the direction 
of the motion will reduce the aerodynamic forecs, 
since they depend on the relatil!e velocity between 
rocket and air; thus a larger yaw angle will be re­
quired to give enough precession to turn the rocket 
over the top of its trajectory, and it will become 
unstable at somewhat lower elevation angles. An 
up-range wind, on the other hand, in.crea:'les the 
maximum angle of elevation at which stability over 
the trajectory peak cnn be retained. 

25
•
6 DISPERSION OF SPINNERS 

The two principal advantages of spinners over 
finners are their more convenient shape and their 
usually smaller dispersion. Their greater accuracy 
stems from the fact that the spin changes the direc­
tion of the malalignment torque so rapidly that it 
averages approximately to zero, thus by-passing 
the barrier of gas malaligmnent which limits the 
accuracy of finners. The introduetion of spin, how­
ever, creates many more new problems than it 
solves, and eonsiderable effort is required if the dis­
persion of a spinner is to be much less than half 
that of a typical ·well-designed finner. 

Dispersion of spinners may arise from any of the 
following causes: 

1. Variation in wind veloeity. 
2. Variation in tip-off. 
3. Out-of-roundness of the bourrelets. 
4. Static and/or dynamic unbahnce. 
.5. Malalignment. 

\Ve have already treated the wind effect and have 
seen that it ettn be reduced by using longer launchers 
or by increasing the stability factor. Causes 2 ancl3 
lead to dispersions which are smaller than those 
caused by 4 and 5, and which depend on such 
variables as launcher length and burning time in 
the same way as the latter, so we shall not discuss 
them here. If the rounds have been carefully bal-
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anced, the out-of-roundness might become im­
portant, however; it is discussed further in Exterior 
Ballistics .1 

25.6.1 Unbalance 

A synunetrieal body is said to be statically un­
balanced when its center of mass does not lie on its 
axis (see Figure 12). For spinners, we will take the 

BOURRELET RING 

GEOMETRIC AND DYNAMIC AXES 

--------~--------
CG 
I 

MOTOR TUBE WITH PURE DYNAMIC BALANCE AND 
PURE STATIC BALANCE (DYNAMICALLY BALANCED) 

MOTOR TUBE. WITH PURE DYNAMIC UNBALANCE AND 

PURE STATIC BALANCE (DYNAMICALLY UNBALANCED) 

CG DYNAMIC AXIS 
-----~------------

GEOMETRIC AXIS 

MOTOR TUBE '11\TH PURE DYNAMIC BALANCE AND 

PURE STATIC UNBALANCE (DYNAMICALLY UNBALANCED) 

FIGURE 12. Types of unbalance of a spinner. The 
small weights TV represent ove1·weight sections of 
the tnbe such as occur from inequality in wall 
thickness. 'fhe center of gravity is the point CG. 

axis to be that of the bourrelets since this i8 the one 
about which the roeket is forced to rotate in a rigid, 
snug-fitting launcher. As a quantitative measure 
of static unbalance we will take the angle u3 defined 
by the ratio of the distance between the center of 
mass and the bourrelet axis to the distance between 
the bourrelets. 

In a spinner with this sort of unbalance,n the 
sides of both bourrelets toward which the center of 
mass is displaced will exert a (centrifugal) force on 

" Assuming t,he usual case in which the center of mass is 
between the bourrelets. 

the launcher guides, which thus must exert a 
(centripetal) reaction force to mainktin tho rotation 
about the bourrelet axis. After tho front bourrelet 
clears the launcher, it is no longer subject to this 
reaction force, but the rear bourrelet is. The result 
is a transverse angular velocity in the direction of 
the unbalance. (Actually the direction of the unbal­
ance is changing constantly, so that the direction of 
the angular velocity is a sort of average of the 
directions which the unbalance had when the two 
bourrclets cleared the launcher.) 

Dynamie unbalance o is a slightly more com­
plicated concept and is entirely independent of 
static•, unbala,nc:e, that is, of the position of the 
center of mass. In the absence of external forces, 
the only stable rotational state of a rigid body is 
l'otation about an axis which makes its moment of 
inertia either a maximum or a minimum. There are 
in general three such axes at right angles to each 
other, and they are known as the prineipal axes of 
inertia. A perfect spinner would ha,ve its principal 
axis corrcspcmcling to minimum moment of inertia 
coincident with the bourrelet axis, but in general 
there is a small angle "UD between them, which we 
shnll tako as the measure of the dynamic unbalance. 
If t,he launcher is tight enough and rigid enough to 
constrain the round to rotate about its bourrelct 
axis, the dynamic unbalance creates centrifugal 
forces causing opposite sides of the two bourrelets 
to press against the launcher, and, when the 
rocket is freed, the transition from rotation :J.bout 
the bourrelct axis to rotation about the axis of 
inertia produees a transverse angular velocity, i.e., 
a mallaunehing. 

The calculation of the amount of malbunching 
with a real launcher is extremely difficult. However, 
since experiment has shown little difference between 
dispersions produced by light flexible launchers and 
heavy rigid ones, it is probably sufficient to make 
calculations for an absolutely rigid launcher. This 
is much simpler and is usually what is done. A very 
elementary caleulation will give us an estimate of 
the mallaunehing in this ease. \:Ve need merely 
consider the vector 8p representing the spin anguhu 
velocity at the moment of launching (in this ap­
proximation we assume that the constraint is 
removed from both bourrelets simultaneously) a.nd 
resolve it into two components, one parallel to aiHl 

o Ordinarily, in the literature, a spimwr is said to bo dy­
namically unbalanced when it has either or both of the i;wo 
types of unbahnce; 
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one perpendicular to the axis of inertia. The latter 
is the transverse angula,r velocity. 

This derivation neglects the details of the interac­
tion between the launcher and the two bourrelets 
and cannot be expected to give an exact answer, but 
it does show correctly that the mallaunching due to 
unbalance is proportional to the spin rate at launch­
ing. When the effect of static unbahmce is con­
~idered also/2 we find that the ma1hunching is given 
to a good approximation by 

where 

U= 

The method of combining dynamic and static un­
balance by the squnre root of the sum of the squares 
assumes that they are randomly oriented relative to 
each other, and the factors 2 and.% come out of 
more complicated nnalysis. 

We are now in a position to apply the mallaunch­
ing formulas to the determination of the dispersion 
to be expeeted as a result of dynamic and static 
unbalance. At the end of Section 25.3 .3 we cal­
culated the deflection of our hypothetical HCSR 
at the end of burning for unit malluunching from 
launchers of three different lengths. The mal­
launching due to unbalance for a truly zero-length 
launcher would be zero according to our calcula­
tions, but we can apply the zero-length solution 
approximately to a very short launcher, say 1 ft 
long, which is just the bourrelet spacing for the 
5.0-in./5 HCSH. 

For the spin at launching, we have 

= 46 radians per second for p 1 

= 103 radians per second for p = 5 

152 mdians per second for p = 11. 

If we assume that the total unbalanee n is 0.001 
radian, the angular velocities of mallaunching 
produced by the three launeher lengths are re­
speetively 0.0345, 0.077, and 0.114 radians per 

second. Hence, from the values of 6/ qat the end of 
Section 25.3.3, we calculate the deflections to be 

4.8 mils for p 1 ft; 

6.9 mils for p 5 ft; 

8.1 mils for p 11 ft. 

From these three values it appears that dispersion 
due to unbalance is small for very short launchers, 
and that for launchers of pnwticable length it is a 
very slowly increasing function of launeher length. 
These same conclusions are arrived at in a different 
way in Rocket Design,J2 and they appear to be sup­
ported by the experimental data. Since very short 
l:tunchers are not praeticable, as we shall see_. one 
more conclusion can be drawn: namely, that if the 
dispersion of the HCSH is to be much less than 10 
mils, considerable care must be taken in balancing 
it. Thus consider the 6.9-mil figure. To get the 
lateral dispersion for firing at 45-degree elevation, 
this is multiplied by 2/?r (because of the random 
orientation of the unbalance) and by v2 (to. cor­
rect, for elevation angle), and the result is 6.2 mill'l. 
The actual dispersion of the HCSH is about 50 per 
cent greater than this, so an unbalance of only 
0.001 radian (i.e., 1 rnil) will account for most of it. 
The actual magnitudes of unbalance exhibited 
by production line spinners are given in Table 4. 

TABLB 4. Effect of dynamic unbalance on dispersion of 
spinners. 

:3.5-in./4 5.0-in./10 5.0-in./14 
Type of rocket GPSR GPSR GASH. 

Number of rockets 100 93 129 
Pmcly static unbalance (dis-

placement of cent(~r of 
gravity from geometric 
axis in in.) 0.0035 0.0137 O.OO\J4 

Purely dynamic unbalance 
(angular deviation of dy~ 
namic axis from geometric 
axis in mils) 0.53 0,88 0.97 

Mean deflection (mils) 5.9 7.8 6.2 
Mean lateral or ver·tical dis-

persions (mils) 4.2 5.5 4.4 

25.6.2 Effect of Jet Malalignment 

The simplest treatment. of jet mala1ignment for 
spinners is to consider its effect as being equivalent 
to a mallaunch.ing. This is possible because only for 
a very short time after it becomes free of the launcher 
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is the rocket spinning slowly enough for the effect 
of malalignment to be significant. The relationship 
between malalignment and equivalent transverse 
angular velocity of malhmnching, derived in Ex­
terior Ballistics,Ib is approximately 

where R,. is the jet malalignment in feet and E is a 
dimensionless function of the launcher length and 
certain constants of the round, which has been cal­
culated and tabulated in· Exterior Ballistics .1 For 
our purpose, we may take E to be given with suffi­
cient accuracy by P 

1 
E = Vl + 20pK2/Xk2 • 

Thus E is equal to unity for a zero-length launcher 
and decreases rapidly with increasing launcher 
length, corresponding to the fact that a given mal­
alignment results in less malhtunching on longer 
launchers, as we would expect, since the rate of 
spin on leaving the launcher is higher. 

For example, in an HCSR of the characteristics 
given in Table 1, with a malalignment Rm of 0.001 
in. (O .0000833 ft), the deflections of the trajectory 
from launchers of length 0 and 5 ft, will be as fol­
lows, in terms of equivalent mallaunching effect: 

l. p ft 0 5 
2, Rm ft 0.0000833 0.0000833 

3 
V5Gv 

. 1rK.•v2 
ft-l 64 64 

4 .. E 1.00 0.238 
.5. q radians per second 5.33 1.29 
6. 0/q seconds 0.139 0.089 
7. () mils 0.74 0.115 

In this tabulation, the first five lines are simply 
data for and evaluation of the preceding equations, 
to give, in line 5, the transverse angular velocities 
of mallaunching equivalent, in deflection effect on 
the trajectory, to the jet malalignment. These 
quantities are multiplied by the data in line G, 
which are the trajectory deflections (angles) per unit 
angular velocity of mallaunching listed a.t the end of 
Section 25.3 .3. The figures in line 7 give the 
trajectory deflection angles, in mils per thousandth 
of an inch malaligmnent. 

P E differs by a constant factor fl'orn the ftmction I E"' I of 
Exterim· Ball-istics. 1 

This calculation shows us that for very short 
launchers, malalignment for spinners would be as 
serious as for some fin-stabilized rockets (the HV AR 
deflection, for example, is 1.0 mils per 0.001-in. 
malalignment). Hence spinner launchers are made 
just long enough so that the dispersion due to mal:. 
alignment is considerably smaller than that due to 
unbalance. Further increasing the launcher length 
gives little improvement because of the very slow 
change in unbalance effect with launcher length. 

25.6.3 Optimum Spin 

It has been mentioned before, but probably 
cannot be too strongly emphasized, that the attain­
ment of high accuracy, say 5 mils or better, prob­
ably requires the use of higher rates of spin than 
those used in any present ground-fired spinners. 
Higher spin would reduce the high sensitivity of the 
present rounds to cross winds. Analysis shows that 
the wind sensitivity (i.e., the trajectory deviation 
per unit cross wind) is approximately inversely 
proportional to the stability factor and hence, other 
factors being the same, inversely proportional to the 
square of the spin velocity. When the spin is in­
creased, dispersion due to malalignment decreases. 
Dispersion due to mallaunching of constant mag­
nitude also decreases, but, as we have seen, the 
magnitude of the mallaunching is likely to increase. 
This can probably be mostly compensated by the 
reduction in launcher length which reduced mal­
alignment effect makes possible. With the wind 
effect reduced, it would then be profitable to take 
greater care in balancing the rounds. 

On the other hand, such high-stability rounds 
will not follow a rapidly turning trajectory, so that, 
in cases where it is required that they do so, one 
must probably be content with present dispersions. 

2 S-7 SPINNER RANGE CALCULATIONS 

For a perfectly launched spinner, the range 
ealeulations would differ little from those for a 
£inner. In each case the starting point is the theory 
of the equivalent shelL The estimation of air drag 
is easier for a spinner because of the usually simpler 
shape and lack of lugs and fins, but the drag is a 
function of yaw angle and, since the spinner does 
not have an average zero yaw, this relationship 
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must be known. The difficulty with purely theoret­
ical range calculations is that spinners are almost 
never perfectly launched, and the direction and 
magnitude of the mallaunching depend upon the 
propellant temperature and upon the particular 
launcher. Thus the only feasible way to construct 
range tables is to start with experimental data 
under standard conditions and use the theory to 
make corrections to other conditions. This is the 
system adopted in reference 13, and for details of 
the procedure, the reader is referred to this report. 
The basic theory is given in Exter·ior Ballistics. 1 

Obviously the same remarks apply to the mean 
deflections as to the ranges. 

2 5.a TRAJECTORIES OF SPINNERS 
FIRED FORWARD FROM AIRPLANES 

All the characteristic functions for spinner motion 
which are tabulated in this chapter were calculated 
on two assumptions: (1) constant stability factor 
and (2) proportionality of overturning moment to 
yaw angle. The reason is that the solutions of the 
equations of motion for the more general case are 
not possible in terms of functions with which 
mathematicians are familiar and can be evaluated 
only by numerical niethocls. 

In ground firing, this rather restricted theoretical 
treatment covers many cases of interest. Thus, if 
've stay well below the velocity of sound, the 
stability factor is very nearly constant during 
burning and changes very slowly thereafter. Yaws 
do not exceed about 10 degrees, in which range the 
nonlinearity of the overturning moment is not great 
enough to alter the motion significantly. In no 
case, however, are these conditions true in air­
craft firing, so that a rather comprehensive pro­
gram of computations with a differential analyzer 
may be required before sighting tables such as those 
for fin-stabilized aircraft rockets can be made. 

'When spinners are fired forward from airplanes, 
they are subjected to large aerodynamic forces as 
soon as they clear the launcher, while their spin is 
still small. As a result, their stability factor is below 
the critical value, and the yaw and transverse 
angular velocity tend to increase rapidly. Usually 
the spin increases to the point where the rocket be­
comes stable again so that the yaw is clamped out, 
but two factors may prevent this. (1) The over-

turning moment coefficient increases considerably 
at approximately the velocity of sound; thus re­
ducing the stability factor so that the rocket may 
not be stable even at the end of burning when the 
spin is greatest. Thus a spinner having S = 6 for 
ground firing may drop to S = 2.5 at the end of 
burning in forward firing at high airplane speeds. 
(2) The yaw may build up to the point where the 
nutations become negatively damped by the Mag­
nus moment. Even though the rocket may recover, 
it is likely to acquire a rather large deflection during 
its period of instability, so it is desirable to reduce 
the duration of this period as much as possible. 

From the expression for the stability factor, equa­
tion (23) of Chapter 21, it is seen that the most 
convenient ways to increase the stability of a rocket 
are to increase its spin or to decrease its transverse 
radius of gyration, that is, its length. Because the 
spin is limited by the centrifugal force which the 
grain can stand, it was found necessary in adapting 
the 5.0-in. spinner to forward firing to change both 
the spin and the length. It may also be possible to 
increase the stability by moving the center of mass 
of the rocket forward, thus reducing the overturning 
moment coefficient p.. It must not, however, be 
moved so far that the Magnus moment reverses, 
or the rocket will be unstable after burning because 
of the negative clamping of the nutations. 

The requirements for a spinner to be fired side­
ways from an airplane are similar to those for 
forward firing. If the rocket maintains its orienta­
tion during burning, the speed will soon build up to 
the point where yaw with respect to the air is small 
even though it may have been nearly 90 degrees at 
the start. The rocket will then be stable. The 
condition that its orientation pe unchanged is t,hat 
the transverse angular velocity build up slowly and 
be small when the rocket has become stable. This 
requires a large spin velocity and a low overturning 
moment at large yaw. 

When fired backward from aircraft, the rocket is 
for a time moving base first through the air with 
decreasing speed so that it becomes stable con­
siderably sooner than when fired forward. No 
ballistic calculations are possible during this period 
because the normal airflow from base to nose along 
the rocket is completely disrupted by the jet. It is 
difficult to say what is required in this case, since no 
experimental data are available, but it appears that 
high spin will be desirable here also. 
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25·9 -TERMINAL BALUSTICS OF 
SPIN-STABIUZED ROCKETS<~ 

There is a current impression that the underwater 
and underground trajectories of spin-stabilized rock­
ets and shells arc short because of the spin. How­
ever a close examinntion of the question shows that 
the presence or absence of spin should be of rela­
tively little importance in determining this feature 
of the terminal ballistics of the projectiie. All im­
portant differences between the behavior of fin­
stabilized rockets and spin-stabilized projectiles are 
due to other factors, such as the nose shape, the 
ratio of length to diameter, and the ratio of mass 
to cross-sectional area. It is probable that the 
terminal ballistics of spin-stabilized rockets could be 
improved, if desired, by the use of the proper nose 
shapes. 

The only ways in which spin eould modify the 
terminal ballistics of a projectile are if the nutation 
and precession associated with the spin modify the 
motion, or if the spin causes the medium to exert 
additional forces on the projectile. Now gyroscopic 
effects are not evident in the usual projectile until 
it has made three or four revolutions. Over shorter 
periods it responds to applied forces in essentially 
the same way as does an unrotated projectile. 
Hence it seems clear that gyroscopic effects are 
unimportant during entry. When the projectile is 
tniveling in the bubble under water or in earth, 
there will be huge forces exerted at the nose and tail, 
but the total torque acting about a transverse axis 
is extremely small, as is shown by the fact that the 
nngular acceleration about such an axis is small for a 
fin-stabilized rocket. Hence we should expect no 
serious gyroscopic effects on the trajectory of a, 
spin-stabilized projectile, provided it has a satis­
factory underwater or underground trajectory when 
not spinning. There might be some tendency for 
the simple circular trajectory of a nonspin:ning pro­
jectile to be warped into a section of a helix, but the 
pitch would be long and the total distanee traveled 
the same. It seems safe to assume that the only 
additional forces and torques of appreciable mag­
nitude exerted by the medium, because of the pres-

" This secti011 is adapted from an informal memorandum by 
Leverett Davis, Jr. 

cnce of spin, are a torque tending to decrease the 
spin about the longitudinal axis. 

It follows from these considerations that the 
theory of underwater ballistics discussed in Chap­
ters 15 and 24 can be applied to spin-stabilized 
projectiles, as well as to nonspinning projectiles. 

Probably the most important factors to be con­
sidered in getting s~ttisfactory terminal ballisties 
in water and earth are the use of such a nose shape 
and such a ratio of length to diameter that the 
cross forces and the curvature of the trajectory are 
smalL The next most important factors are the use 
of a nose shape having a .small drag coefficient and 
the use of a large ratio of mass to cross-sectional 
area in order to get a small deceleration for a given 
drag and hence to get a long underwater or under­
ground travel. 

Well-designed fin-stabilized rockets tend to be 
longer and he a vier than well-designed spin-stabilized 
rockets of the same diameter, and spin-stabilized 
rockets tend to be longer than shells. These charac­
teristics are the result of efforts to secure efficient 
rocket propulsion, low dispersion, and satisfactory 
flight. It follows that fin-stabilized rockets will 
almost always have somewhat longer and straighter 
underwater and underground trajectories than will 
spin-stabilized rounds. However the usual spin­
stabilized rocket bas such a nose sba.pe that its 
underwater trajectory is much poorer than the 
optimum set by its length and mass. In the case of 
the 5 .0-in./10 GPSR, the length to diameter n'l.tio 
is 7, and it is probable that by the use of a suitable 
nose shape the underwater behavior could be con­
siderably improved. It may prove to be more diffi­
cult to get a satisfactory underwater trajectory for · 
the aircraft spinners, since their length to diameter 
ratio is only 5. The improvement possible will have 
to be determined by experiment. Shells L'l.re usually 
from 4 to 6 calibers long, and hence it may be diffi­
cult to achieve a sa.tisfactory underwater trajectory, 
particularly since the nose shape is usually chosen 
to give low drag in air and this tends to give very 
large cross forces in water. H should be noted, 
however, that the British seem to have ha.d con­
siderable success in designing shells having a 
relatively long underwater trajectory. 
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J. B. Rosser; Part Il. Applicutions to the Exteriqr Ballistic Theory of Rockets, G. L. Gross, 
J. B. Rosser, and E. M. Coole 
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a. Man,v of the appointments were in effect for periods 
shorter than those shown for organizational units. The 
listing is primarily in order of appointment dates. Si­
multaneous appointees are arranged alpbab~tically. 

"Division A (Armor and Ordnance) included Sec­
tions C and H on rocket development, and Sections A, 
B, E, and T in other fields. 

Certain short-lived org·anizations are not shown 
above. 

" Called Chairman thr01.1gh 1942. 
d Acting Chief. 
e Changed to Special Assistant in eal·ly 1946. 
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Contract Number· 

OEMsr-250 

OEMsr-256 

OEMsr-273 

OEMsr-416 

OEM:sr-418 
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CONTRACT NUMBERS, CONTRACTORS, AND SUBJECT 
OF CONTRACTS 

The following list includes all contracts under which the rocket 
research and development programs of Division A and Division 3 
were carried out. In addition, there were two purchase con­
tracts with the Hercules Powder Company for early supplies 
of rocket propellant, a transfer of funds to the Army Ordnance 
Department for the same purpose, and transfers of 1941, 1942, 
and 1943 funds to the Navy Bureau of Ordnance for support of 
the Jet Propulsion Research Laboratory at the Naval Powder 
Factory, Indian Head, Maryland. Contract OEMsr-418 (which 
included OEMsr-250) was the only contract under Sections C 
and L; all others (except OEMsr-673) were related to Section H 
programs. 

The scope of the work under each contract is indicated briefly 
below, and more completely by the report titles listed under each 
contract in Appendix Q. 

Name and Addr·ess of Contr-actor 

Califoz·nia Institute of Technology 
Pasadena, California 

Western Electric Company 
Bell Telephone Laboratory, Inc. 

New York, New York 

The George Washington University 
Washington, D. C. 
(with operations there, at Naval 
Powder Factory, Indian Head, 
Maryland, and at Allegany Ballis­
tics Laboratory near Cumberland, 
Maryland) 

Hercules Powder Company 
Wilmington, Delaware 
(work at Kenvil, New Jersey) 

.California Institute of Technology 
Pasadena, California 
(with operations there at Camp 
Haan, at Morris Dam, at Camp 
Pendleton, at Naval Ordnance Test 
Station, all in California) 

Subject 

This contract included in and 
superseded by OEMsr-418. 

Instrumentation for measur­
ing rocket performance. 
Development of rocket 
launchers, of firing mech­
anisms, of components for 
Army M8 type 4.5-inch 
rockets, of propeller actu­
ated ignition devices for 
bomb accelerators and of 
an electromagnetic fuze. 

Central laboratory opera­
tions. Ballistics research. 
Development and testing of 
instrumentation, improved 
propellants, flame throw­
ers, improved mortars, re­
coilless mortars, and many 
types of rockets and re­
lated equipment. 

Early improvements in rocket 
propellants of solvent~ex­
truded ballistite types. 

Central laboratory opera­
tions. Ballistics research. 
Research and development 
on aircraft torpedoe:;; and 
other underwater ordnance. 
Development of instru­
mentation, of dl'Y extru­
sion, of ballistite propel­
lant, of all rockets., most 
launchers and most of the 
rocket fuzes used by the 
U. S. Navy in World War 
II. Pilot production of these 
items. 



CONTRACT 

Contract Numller 

OEMsr-671 

OEMsr-673 

OEMsr-702 

OEMsr-716 

OEMsr-733 

OEMsr-762 

OEMsr-947 

OEMsr-968 

AND 

Name and Address of Contractor 

Budd Induction Heating, Inc. 
Detroit, Michigan 

Armour Research Foundation 
Chicago, Illinois 

California Institute of Technology 
Pasadena, California 

University of Minnesota 
Minneapolis, Minnesota 

Duke University 
Durham, North Carolina 

University of Wisconsin 
Madison, Wisconsin 

Catalyst Research Corporation 
Baltimore, Maryland 

Budd Wheel Company, Inc. 
Detroit, Michigan 

Subject 

Engineering designs and ex­
perimental production of 
4" .5 rockets. 

Included no work on rockets. 
Transferred to Division 6 
in late 1943. 

Special studies of double 
base powders (work con­
tinued under Division 8 
contract OSMsr-881). 

Studies of the burning of 
double-base propellants. 

Closed chamber studies of 
propellants (this contract 
was taken over from Divi­
sion 1). 

Burning of double-base pro­
pellants. 

Development of gasless delay 
elements for ejection 
charges. 

Engineering design and ex­
perimental production of 
metal components for many 
rockets and mortars. 
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SeTvice 
Projec~ 
Numbe~· 

AC-.52 

AC-70 

AC-121 

CWS-10 

CWS-22 

CWS-30 

CWS-34 

NA-167 

NA-HJ7 

NA-231 

N0·33 

N0-34.1 

N0-34.2 

N0-34.3 

N0-35.1 

N0-35.2 

N0-36.5 

N0-39.1 

N0-99 

N0-116 

N0-118 

N0-120 

N0-121 

N0-140 

N0-141 

N0-146 

N0-148 

N0-153 

N0-164 

N0-16.5 

N0-168 
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SERVICE PROJECT NUMBERS 

The pro,iects listed below were transmitted to the Executive 
Secretary, National Defense Research Committee, NDRC, from 
the War or Navy Department through either the War Depart­
ment Liaison Officer for NDRC or the Office of Research and 
Inventions (formerly the Coordinator of Research and Develop­
ment), Navy Department. 

Su/Jject 

Development of a specially shaped bomb (referred to as a water plunge bomb) de­
signed to follow a horizontal path in water after being dropped at high speed 
from aircraft. 

Hydro bomb (torpedo for Army aircraft) . 

Development of sights for firing aircraft rockets. 

Development of flame throwers (including their pressuring by propellant gases). 

Rocket projection of chemical munitions (and extension of range of 4" .2 chemical 
mortar). 

Development of 4".2 recoilless mortar and shell. 

Improvement of 4".2 chemical mortar. 

Study of nozzle design for jet motors. 

Development of jet-assisted take-off unit for carrier based aircraft. 

Assistance on the development of aircraft launching equipment. 

Internal and external ballistics of rockets; and double-base propellants for rockets. 

Rockets for aircraft armament. 

Low altitude antiaircraft rockets. 

High altitude antiaircraft rockets. 

Jet accelerators for armor-piercing bombs. 

Rockets for assisted airplane take-off (including rocket catapult). 

Rocket projection of antisubmarine depth bombs from ships. 

Rocket targets. 

Jet propulsion (solventless extrusion at Bruceton). 

Scatter bombs for attack of submarines by airplanes. 

Rocket weapons (for beach barrage in amphibious assault). 

Parachute rocket flare (for identification of warfare targets from aircraft). 

Retro-rocket bombs (for attack of submarines by MAD-equipped airplanes). 

Horn-type retro-bombing fuze. 

Hydrodynamic characteristics of projectile forms. 

Underwater trajectories of depth charges. 

Torpedo launching mechanism (design and construction of). 

Smoke float rocket and projector, development of. 

3" .25 rocket and projector. 

Rocket projectors (for Marine Corps, development of, and establishment of test 
ranges). 

Rocket deceleration of aircraft launched torpedoes. 



Service 
P1·oject 
Nttmber 

N0-170 

N0-176 

N0-177 

N0-192 

N0-106 

N0-204 

N0-205 

N0-214 

N0-215 

N0-216 

N0-227 

N0-228 

N0-230 

N0-238 

N0-245 

N0-246 

N0-247 

N0-248 

N0-249 

N0-250 

N0-251 

N0-252 

N0-253 

N0-254 

N0-256 

N0-259 

N0-260 

N0-271 

N0-280 

N0-282 

N0-284 

N0-289 

N0-296 

NS-164 

NS-211 

NS-309 

OD-14 

OD-26 

OD-66 

OD-98 

OD-125 

SERVICE PROJECT NUMBERS (Continued) 

Sttbject 

Adaptation of Navy 3".25 and 5".0 rockets to aircraft (and development of 5".0 high 
velocity aircraft rockets). 

Torpedoes for high speed aircraft (including water entry tests). 
Jet-propulsion of aircraft torpedoes. 

Shipboard rocket launcher for the 3" .25 rocket, development of. 

Anti-surface vessel ordnance. 

Contact fuzes, development of (for depth bombs). 
Rocket targets (production of). 

Ballistic range converter for ASD radar (:for forward firing aircraft rockets). 

Spin stabilized rockets. 

Aircraft sight for forward firing rockets of CIT 3A type. 
Subcaliber training rocket for aircraft use. 

Design, construction, and operation of extJ:usion presses (at Naval Ordnance Test 
Station, Inyokern, Calif.). 

3".25 window rockets. 

Development of launchers for spin stabilized rockets. 
Development of high pedormance 4" .5 aircraft rocket. 
Development of 5".0 aircraft rocket. 

Development of 2".36 high velocity J.'ocket, H.E.A.T. 
Development of improved components for 4".5 rocket, M8 type. 

Development of spin-stabilized x·ocket using solvent-extruded propellants. 
Rocket projection of bombs. 

Development of 3".25 or 3".5 rocket. 

Development of 3".25 rocket, multiple grain, thin web. 
Development of 7" .2 rocket motor. 

Development of 10" rocket motor. 

Forward firing lal·ge caliber aircraft rockets ("Tiny Tim"). 
Demolition rockets and launchers. 

Scoring of air to air rocket firing. 

Experimental production of 3" .25 rocket motors, Mk 5, for CWR-N rockets. 
Statistical assistance on the analysis of firing data for rocket propellant. 
Development of 2,000 lb forward firing, large caliber aircraft rocket. 
Development of aircraft rocket sights. 
Assistance to the Naval Ordnance Test Station, Inyokern, Calif. 
Development and fabrication of launching rockets for Bumblebee. 

Rocket propulsion to insure proper ejection of Mk 2 grenade from new aidess emer-
gency signal ejector of submarine. 

Countermeasure for antisubmarine contact fuzed charges. 
3''.0 solid slow burning propellants (for generating gases to drive turbine). 

Special fuels for jet propulsion and squib igniter performance. 
Jet propulsion (development of many early rockets; superseded by OD-161 to 172). 
Device to determine direction and range of a forward artillel'Y officer from immediate 

vicinity of a battery position. 

Rocket targets (with wings). 

Long range (75 miles) rocket projectile. 
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Service 
Project 
Number 

OD-137 

OD-155 

OD-161 

OD-162 

OD-163 

OD-164 

OD-165 

OD-166 

OD-167 

OD-168 

OD-169 

OD-170 

OD-171 

OD-172 

OD-179 

OD-183 

OD-184 

OD-185 

OD-186 

OD-187 

OD-196 

OD-199 

OD-201 
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SERVICE PROJECT NUMBERS (Continu.ed) 

Subject 

Demolition rockets and launchers. 

Factors which control afterburning in rockets. 

Development of high performance 4" .5 aircl'aft rocket. 

Development of 5" aircraft rocket. 

Development of 2".36 high velocity rocket H.E.A.T. (and of electl·omagnetic fuze 
for it). 

Development of 3" .25 rocket, single grain, solventless powder type. 

Development of improved components for 4".5 rocket, Mk 8 type. 

Development of spin-stabilized rockets using solvent extruded propellant. 

Development of spin-stabilized rockets using solventless-extruded propellant. 

Rocket projection of bombs (by standard rocket motors). 

Development of 3".25 or 3".5 rocket. 

Development of 3" .25 rocket, multiple grain, thin web. 

Development of 7".2 rocket motor. 

Development of 10" rocket motor. 

Statistical assistance on the analysis of firing data for rocket propellant. 

Bourdon systems (for measurement of performance of rocket propellant grains). 

Development of powder charge assembly for recoilless mortar, 60 mm. 

Development of stationary rocket motor, 3 to 3.5 inch, for special H.E.A.T. projectile 
(includes 81 mm recoilless mortar). 

Minefield clearing devices of the jet-propelled type. 

Adaptation of Tiny Tim rocket motor. 

Multiple-cartridge, tube-launching system for JB-2. 

Rocket accessories for aircraft. 

Research on elements of rocket motors with high impulse ratio. 

-



INDEX 

The subject indexes of all STR volumes are combined in a master index printed in a separate volume. 
For access to the index volume consult the Army ot· Navy Agency listed on the reverse of the half-title page. 

ABL (Allegany Ballistics Labox·atory) 
internal burning rocket propellant 

grains, 2·:17 
properties of rocket propellants, 

99-11:3 
rocket propellants, 93, 105 
thermodynamics of rocket propel­

lants, 71-77 
Acceleration of rockets, 212-213 
Aecelf:romet.ers for torpedo test mea­

SW'ements, 28-32 
Aerodynamic forces 

cross v."ind, 288, 298 
damping moment, 289, 298 
deceleration moment, 289, 298 
dmg, 214-215, 270-271, 288, 298 
effect on fin-stabilized rockets, 268-

269 
effect on spin-stabilized rockets, 

288-298 
Magnus force, 288-289, 298-BOl 

Air drag, effect on rocket trajectory 
ground-fired roekets, 270-271 
range, 214-215 
spin-stabilized rockets, 288, 298 

AIR rocket nose fuzes, 130-131, 17.5-
176, 184 

Aircraft rockets, design, 126-127 
Aircraft rockets, latmchers, 140-147 

damo.ge to aircraft;-147 
design problems,' 147 
displacement and dwp launchers, 

144-146,276 
effect on air trajectory, 275-276 
fixed-type, 144, 146 
for retrofiring, 140-141, 167-168 
for spinners, 147 
Mark 4; 141, 175-176 
lVf:lrk 5; 142 
post launchers for forward firing, 

142-144, 275-276 
rail launchers for forward fl!·iog, 141, 

275-276 
tree-type, 14:3 
'!'-slot, 138, 141, 175 

Aircraft rockets, trajectory, 274-276 
angle of attack, 276 
comparison with bullets, 274-275 
control of undei·watcr trajectory, 

127-128 
di~persiou, 282 
effect of launchers, 275-276 
effect of wind, 272 

effect of y:tw, 275 
range, 214-215 
spin,stabilized, :305 
velocity, 274-276 

Aircraft rockets, types 
:3.2.5-in., 247, 249, 2.52 
3.5-in., 126, 128, 170-176, 217-218 
5.0-in. AR, 171, 175-176 
11.75-in., 186-195 
14-in., 248-249 
115-mm, 91 
antisubmarine, 5 
fin-stabilized, 122, 165-195, 282 
forward-firing, 141-144, 17.5, 218 
GP, 220 
high-velocity, 179-185 
Mule, 165 
spin-stabilized, 122, 147, 20:3-204 
subcaliber, 176-17() 

Aircraft torpedoes, 13 
Alden Hydraulics Laboratory, 8 
A.lb1li nitrate for rocket propellants, 

107 
Allegany Ballistics Laboratory 

interm~l burning t•ocket propellant 
grains, 247 

properties of rocket propellant~, 
99-113 

rocket propellants, 93, 105 
thermodynalnics of rocket propel­

lants, 71-77 
Arnrnoniunl perchlorate-asphalt rocket 

propellants, 106-107 
Ammonium picrate for rocket p:t·o­

pellants, 107 
Aniline for liquid l'Ocket propellants, 67 
A.ntiaireraft training, target rockets 

see Target rockets for antiaircraft 
training 

Antisubmarine bombs, 3,3 
facilities for testing underwater pel'-

formanee, 5 
fast-sinking, 3 
hedgehog, 3-4, 148 
ordnauce problem, a 
retro bombs, .5, 140-141 
testing laboratory, 4 

Antisubmarine rockets, 148-151 
aircraft, ,5 
designation and types, 149 
fuzes, 135, 167 
general shape, 150 
head shape, 127 

igniters, 150 
launchers, 149 
nozzle, H9 
propellant grain, 150 
related rockets, 151. 
retro rockets, 140, 165-170 
specifications, 148-149 

tail, 150 
yaw, 218 

163 

Antitank grenade 
factors affecting performance, Hi2 
motor design features, 162-163 
okra grain, 162 
spE:citications, 162 

AR 
see Aircraft rockets 

Asphalt-ammonium perchlorate roekct 
propclla.nt, 106-107 

Asphalt-potassium perchlorate l'OCket 
propellant 

burning p1;operties, 106 
manufactlll'ing process, 106 
mechanical properties, 106 
thcrmodynatnic properties, 106 

ASR. 
see Antisubmal'ine rockets 

A'l'G (antitank grenade) 
factors affecting performance, 162 
motor design featW"cs, J62,163 
okra grain, Hi2 
specifications, .162 

Atornic bomb test, use of retro rocket 
motors, 168 

Automatic rocket latmchers 
Mark 7; 154-15.5 
Mark 51; 20,!-207 

Ballistic. studies, unclerwat.er, 8-12 
factors affeeting model behavior, 

11-12 
scaled models, 8-10 
water entry of projectiles, J.O 

Ballistics of fin-stabilized rockets 
see Fin-st;\bilized rockets, exterior 

ballistics 
Ballistics of rocket propellants, :39-51, 

06-98 
see also Fin-stabilized rockets, ex­

teriol" ballisties; Spin-stabilized 
rockets, exterior ballistics 

burning characteristics, 39, 41-45, 
96-07 
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charge design, 4 7-49 
discharge coefflcient, 9fl 
drag of gas stream, 98 
effects o[ aeceleJ·ation, '15-,16 
heaL ~r·ansfer to the motor walls, !18 
internal-burning grains, 50 
liquid fuels, 40, 50-51 
nonsteady-st.at.e roekets, ~J8 
practical !imitations, 40-41 
pressure, H6 
prinGiples of propulsion, :39 
mdiation, D7 
recommendations, 49-50 
resonance effect, 98 
specifications, 44-45, 08 
temperature limits, 46-47 
throat-to-port rat.io, 96-97 

Ballistics of spin,..~lttbilized rockets 
.~ee Spin-stabilized rockets, exter·ior 

ballisties 
Ballistite for rocket propellants, 118, 

170, 187 
Barlow's formub for wa.ll thickness of 

rocket motors, 244 
Barrage rockets, l51-156 

4.5-in., 274 
n.ccuracy, 153-1.54 
designation and types, 151-152 
fast-bmning, 156 
for detonating land mines, 1.56 
heads, 1.5:3 

· J.a.unchers and service u~e, 1.54-165 
milit,ary requirement~, 1.51 
motor, 1.52 
stability, 167, 220 
tails, 153 
yaw, 218 

Bell Telephone Labota.tories, (i5 
Black powder l'Ocket igniters, 52, 240 
Boat rocket launcher, 204 
Bombs, antisubmarine 

fast-sinking, 3 
hedgehog, 3-4, 148 
retro, 5, 140-142, 165-170, 252 

BR 
see Barrage rockets 

Brass can rocket ignit,ers, 241 
British depth bomb (hedgehog), 3-4, 

148 
Burning strand method of studying 

rocket propellants, 82-83, 101 

Cant angle of roekets, 216 
Cn.st, double-base rocket propclbnts 

advantages, 10.5 
process, I 04-l 05 
reeommendations, 110 

Cast perchlorate rocket propellants, 
105-107 

;cdvant~cges, 105-106 
n.sphalt-:1nunonium, 101:\-107 

INDEX 

Hsphalt-potassium, 106 
ethylcellulosc-po1iassium, 107 
general description, 105 
manufactul'ing proeess, 105-J 0(\ 
nominal compositions, 105 
recommendations, 111 

Cavitation, torpedo, 17 
Cellulose acetate, use in rocket pro­

pella.nts, 50, 60 
Centrahte for rocket propellants, 8:3, 

102 
Chemieal spinner, 203 
Chemic!tl war:l'arc grenade 

faetof's affecting perforrnanee, W2 
motm· design features, 162-W:3 
okr·a gra.in, 162 
specifieations, 162 

Chemical warfare rockets, 1.56-158 
!ICCUI'acy, 158 
designation and types, 158 
dispersioJtl, 27H-280 
fuze, 158 
ln.unchers n.nd service use, 158 
motor, H>ll, 168 
propellant grain., 158 
spinner rocket, 20:3 

Chromium trioxide for rocket propel­
lants, 106 

Chuffing of rocket motors, 235 
Closed bomb for studying rocket pro­

pellants, 81 
Closed-breech rocket launcher, 160-170 
Colloidal roeket propdlants 

.see Double-base rocket propelbnts 
Composite rocket propellants 

composition, 68 
rnolded,-107-109, lll 
tecommenclations, 111 
solvent-extruded, 108-109, 111 

Cordite for rocket propr"lltlnt.s, 170 
Crate rocket launcher, 1.54 
Cross force, effect on rocket's under­

water trajeetory, 282-283 
Cross wind, effect on spin-stabilized 

rockets, 288, 2H8 
Crucifotmrocket propellant grains 

r~dvantages, 2B8-23H 
applications, 234 
ballistite charge, 187 
upper ternpcratme limit, 170-171 

CWG (chemical warFare grennde) 
factors affecting performance, 162 
motor design fea.tures, 162-16:3 
okra gr·a.in, 162 
specifications, H:l2 

CWR 
see Chemical warfare rockets 

CWSR. (chemio;<l wmfnrc spinner rock­
et,), 20:3 

D~1mage instruments for torpedo test 
measurements, 32 

Damping moment, effeet on spin­
stabilized rockets, 280, 208 

DDll roeket base fu~es, 133~134 
Deceleration coefficient of rockets, for­

mula, 214-21.5 
Deceleration moment, effect on spin-

stabilized 289, 298 
Demol.ition rocket, 151 
Depth and roll reoordCJ·, :3G 
Depth bombs, 3-4, 148 
Diethylene glycol dinitrate for roeket 

propellants, 69, 102 
DTNA (explos.ive plasticize!') [or roeket 

propellants, 102 
Dinitrotoluene for rocket propella.nts, 

69, 102 
Diphenylamine for rocket propellants, 

61, 69 
Dischnr·ge cocfTleicnt of rocket pro­

pelltJ.nts, 72-74 
formulas, 72, 96, 226 
throat·to-port ratio, f)6 

Dispbcement rocket hmnchers, 144-
146 

Double-base rocket propellfr.nts, l 02-
105 

burning propel'ties, 83, 85; 102-103 
ca.st type, 104-105, 110 
composition, fl8-69, 103-104 
granubtions, 103-105 
mecha.o.ical properties, 10:3 
nitroglycerin, 6f), 102 
recommendations, 109 
solvent-extruded, 103, 1.10 
solventless, 104, llO 
T-2; 4:3-44, 79-80 

Double-base rocket propellants, dry-
processed, 56-63 

cxttusion of stock, .57~58 
inhibiting of grain, 60 
machining, 59 
manufactul'ing process, 56-.57 
reccnnnlenclati~)ns, 62-63 
stability, 61-62 
types, 56 

DH. (demolition rocket), 151 
Drf:l,g, effect on rocket trajectory 

grotmd-fired rockets, 270-27:1 
range, 214-215 
spin-st.abilizcd rockets, 288, 298 

Drag coefficient, torpedo, 16-J.7 
Drag ring for torpedoes, 16, 33-35 
Drift sigmLl roekcts, 169-170 
Drop toeket la.unchers, 144-146, 276 
Dry-processed double-base rocket pl·o-

pellants 
.see Double-base rocket propellants, 

dry-processed 
DukH University, 81 



11.75-in. aircraft rocket, 186-1U5 
blowout disk, l 00, 260 
eh::uge support, 190-HJ2 
de~ign problems, 186 
effect of firing temperature, 24G 
fuze~, .1!:14 

1!JO 
head, 18(), 194 
igniters, 192-194 
launchers, 14·1-147, 195 
lug bands, 189-HJO 
m.otor, 187-188, H13, 2-1-7, 248-2'!9 
nozzle plate, 188 
propellant, 187 
tails, 189 
type~ and desigm1tions, 104 
u~e, 186 

Ethyl cellulose 
inhibiting coatings for rocket pro­

pellants, 50, 92-93 
beque1: for roeket motor walls, 249 

Ethyl ccntrnlite, ~tabilizer for rocket 
propellants, 44--J-5, GJ, (\0 

Ethyleellulosc-potn.ssium pcrehlnmte 
rocket propclln,n t, 107 

Fal~e crimp rocket igniters, 241-242 
Fast-burning barrage rocket, 156 
FaRt-sinking bomb8, 3 
Fin-stabilized rockets, clmmcteristics, 

121-123 
ilCCUI'ilCJ, '121-122 
comparison with spin-stn.bilizC'd, 121-

123 
hettd, 126, 127 
internal-burning grains, 50 
payload, 122 
simplicity and cheapness, 122 
tail, 262 
underwater stability, 122 
velocity, :us 
ver~atility, 122 

Fin-stabilized J·oekets, dispersion 
causes, 27tl-277 
fired from airplanes, 282 
ground firing, 278-282 
malalignment, 270-277 
suggestions for irnprovcd accuracy, 

280-282 
theory, 218-219 
J!1W, 218-219 

Fin-st.n.bilizcd roekets, exterior bccllis-
tics, 217-219, 267-287 

aerodynamic forces, 21\8-2{)() 
nir flight, 214-215, 274-276, 282 
ba,llistic qunntities, 211 
center ol' pressure, 217 
comparison with spin-st:tbilized, 216, 

28H, 306 
jet forc:c nnd tMque, 268-269 

INDEX 

rttnge of a ground-fired rocket, 270-
272 

retro firing, 276 
rocket motion, 267-268 
stable equilibrium, 217 
underground trajectories, 285-287 
underwELter trajectories, 282-285 
wind effect, 272-274 

Fin-stabilized rockets for airemft, 165-
195 

2.25-in., 17t\-l7\l 
3.5-in., 170-176 
5.0-in. high-veloeity, 170-185 
11.75-in., 186-195 
comparison with spin-stabilized, 122 
rlispersion, 282 
retro rockets, 165·170 

Fin-stabilized rockets for smfn cc wnr-
fl>re, 148-164 

antisubmatine, 5, l48-151 
barrage rockets, 151-156 
chemical warfare grenade, 162-W3 
chemical warfare roelwts, I.'JG-158 
rocket grenade, 164 
subcaliber rockets, 163 
target rockets, 158-161 

Firing systems for rockets 
see Rockets, propulsion mechanism 

5.0-in. AU (nireraJt rocket), l7l, 17.5-
176 

5.0-in. fin-stabilized rocket 
.see High-velocity fin-stabilized rocket 

5.0-in. spin-st~tbilized rockets, l\15-207 
a.ircraft spinners, 203-204 
hen.ds, 200 
high-capacity spinners, 203 
launchers, 204-207 
Mark 7; 1.'54-155, 172-173, 201-202, 

204 
pyrotechnic spinners, 203 
range,200 
smoke and clwmical spinners, 203 
spinner designations, 200·201 

Fixed rocket launchers, 144, 14G 
Formulas for rockets 

aeceleration, 212-213 
bmning rate, 85, 96-97, 227 
bumt wloeity, 39, 270 
cant angle, 216 
deceleration coefficient, 21·1-215 
diseharge coefficient, 72, £16, 226 
effective gas veloeity, 39, 211-212, 

213-214 
equilibrium pressme, 78-79, 96, 97, 

220 
linear rate of burning, 78, 22() 
mornenturn, 21 l-212, 216 
overtmning moment, 2HJ 
runge in free flight, 21 ·i 
speeifie impubc, 71-72 
stability factor, 219 

thrust coefficient, 74, 213-214 
vacuum range, 270 
velocity, 71 
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wall thickness of motors, 244-24.5 
yaw of spinners, 221 

Forward-firing aircraft rockets 
launchers, 1•±1-144, 175 
ya.w, 218 

•!.5-in. banage toe)tet, 27 4 
4.5-in. spinnm· tocjket, m 
14-in. aireraft, meket, 248-24U 
Fo:-.:boro depth and roll recordr.r, ;3(j 
Fuels for rockets 

see Rocket propelbnts 
Fuzes for J"Oekets, 12\1-137 

Alit nose fuzes, 130-131, 175, 184 
DDR base fuzes, 133-135 
general requirements, 120 
M48; 198 
Mark 139; 135, 167 
Mn.rk 148; 175 
Mark 14f.l; 131, 175, 184 
methods of arming, 120-130 
NIH nose fuzes, 131 
Pllt base fuzes, 131-183 

G ll7B rocket powder 
burning rate, 110 
pressure exponent, 7\)-80 

Galeit 61-C rocket propellant, 106 
Gas velocity h1 roeket propellants 

calcu,lation of gas properties, 74-75 
control of rate, lOl 
effect of tempera,ture, 223-224 
effeet on burning rate, 41 
effective velocity, 39, 99, 211-21:3 
theory, 71-72 

Gasoline for roekct propellants, 67 
GASR (general purpo~e spin-stabilized 

l'ocket), 220 
General pmpose aircraft spin-stabilized 

rocket, 220 
George Washington University 

internal burning rocket propellant 
grains, 247 

propel'ties of rock<:t propellants, 
·on-113 

thermodynamics of rocket propel­
lants, 71-77 

Gmnubtion in rocket ptopellants, 
01-94, 103-105 

Grenades 
nhemical warfare, 162-H)3 
incendiary rocket, 164 

GrNmd rocket lanneher, HJ5 
Ground-fired rocket~, rauge, 270-27 4 

n.ir drag, 270-271 
nnlcu!ation, 271 
dispersion, 278 
cJTect of burning time, 270 
lmmcher tip-off elfects, 271-272 
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vacuum range, 270 
wind effects, 273-274 

Guggenheim Aeronautical Laboratory, 
68 

Guns, comparison with rockets 
efficiency, 123-12.5 
propellant grains, 100 
velocity, 27 4 

H-4 rocket propellant 
ttdvantages, 42-44 
pressure exponent, 79-80 

H-5 rocket propellant, 83 
HOSR (high-c~wacity spinner rocket) 

bttllistic constants, 289-290 
description, 203 
relation between velocity and pay­

load, 118-119 
IIedgehog (British forward-thrown pro­

jectile), 3-4, 148 
Hercules Powder Company, rocket pro­

pellant grains, 94 
High-capttcity spinner rocket 

ballistic constants, 289-290 
description, 203 
relation between velocit:y and pay­

load, 118-119 
High-velocity fin-stabilized rocket, 179-

185 
blowout disk, 260 
composition of steel in motor, 247 
dispersion, 278-279 
launchers, 185 
low-temperature performance, 180 
Mark 18 propellant grain, 170, 107 
maximum tubular propellant grain, 

238 
tempe1·ature distribution in motor 

wall, 246 · 
velocity, 118 

High-velocity fin-stabilized rocket, de-
sign, 180-185 

fins, 182 
fuzes, 184 
heads, 183-184. 
igniters, 182-183 
nonwelded motors, 184-185 
nozzle, 181 
seals and closures, 183-184 
suspension lugs, 182 
tubing, 180 
"''hite Whizzer, 185 

High-velocity spinner rocket 
grain, 201 
heads, 202 
igniter, 201-202 
motor tube, 201-202 
nozzle plate, 202 

Holy Moses 
see High-velocity fin-stabilized rocket 

INDEX 

HVAR 
see High-velocity fin-stabilized rocket 

HVSR 
see High-velocity spinner rocket 

Hydrazine for rocket propellants, 67 
Hydro pressure plugs for torpedoes, 

33-35 
IIydrogen peroxide for rocket propel-

lants, 67 · 

Igniters fol' 1:ocket propellants, .52-55, 
230-243 

black powder, 52, 240 
construction and performance, 53-55 
containers, 54-55, 182-183, 192-193, 

241-243 
desirable characteristics, 241 
electric squibs, 54-55, 240 
function, 239-240 
Mark 17; 201-202 
Mark 18; 197 
principles, 52-53 
requirements, 5.5 
short ignition delays, 239-240 

Impulse of rocket propellants 
see Specific impulse of roeket pro­

pellants 
IRG (incendiary J'ocket grenade), 164 

JP rocket propellant 
influence of position upon burning 

rate, 41 
stabilizer, 61 

JPH rocket propelh:mt, 61 
JPN rocket propellant 

burning rate, 110 
impact energy, 44 
internal-bumiug grains, 50 
performance, 40 
specific impulse, 40, 45 
stability, 44, 61 

mnetics of rocket propellants, 78-88 
area of burning surface, 80 
b~_rning rate of powders, 80-87 
effect of powder composition, .so, 86-

87 
p1·essu1·e, 78-80 
rate of gas production, 78 
recommendations, 112-113 
theory of burning, 78-79, 87, ll2 

L 4.8 rocket propellant 
burning rate, 110 
pressure exponent, 79-80 
rate of butning-pressure curves, 83 
temperature coefficient, 85 

Land mines, detonation by l"Ockets, 156 
Launchers for rockets, 138-147 

airbornelaun(:hers, 140-147,167-168, 
175-176, 275-276 

closed-breech launcher, 169-170 
crate launcher, 154-155 
mallaunching, 221, 294-296, 302-303 
Mark6; 179 
Mark 7 (automatic launcher), 154-

155 
Mark 20; 149 
Mark 22; 149 
Ma.rk 40; 199 
Mark 50 (boat launcher), 204 
Mark 51 (automatic launcher), 204-

207 
M-raH, 161 
post launcher, 1':1:2-14<:1, 195, 275-276 
rail launchers, 138, 141, 161, 275-276 
seaborne htunchers, 138-141, 204 
steel hmncher, 185 
T-32; 158 
T-40; 151 
tip-off effects, 271-272 

Li•unchers for torpedoes 
see Torpedoes, bunching tests 

Lift, effect on spin-stabilized roekets, 
288,298 

Liquid rocket propelhmts 
adva.ntagcs, 40 
itpplication, 50-51 
requirements, 50 
types, 67 

M-8 rocket, H1 
M'-48 rocket fuze, 198 
MAD airborne detector), 

use of retro rockets, .5, 165 
Magnus force, effect on spin-stabilized 

rockets, 288-280, 298-301 
Mark I rocket propellant grnin, 232-

233 
Mark I torpedo drag ring 

effect. on water entry, 16 
reduction of localized pressure, 33-35 

Mark 4 (T-slot) rocket launchel.', l41, 
17.5-176 

Mark 5 wcket head, 183-184 
Mark 5 rocket launcher, 142 
Mark 6 rocket head, 167 
Mark 6 rocket launcher, 170 
Mark 6 rocket motor, 172 
Mark 7 high-velocity spinnet rocket 

grain, 201 
heads, 202 
igniter, 201-202 
motor tube, 201-202 
nozzle plate, 202 

Mark 7 rocket ln,uncher, 154-155 
Mark 7 rocket motor, 172-173 
Mark 8 rocket head, 203 
Mark 13 rocket propellant grain 

compressive stress on grain, 236 
effects of acceleration, 45-46 



extrusion process, 58 
:Mark 13 torpedo,)3-15 

design modifications, l5 
dive resistance, 18 
limitations, 13 
shroud ring tail, 14-15 

Mark 16 rocket propellant grain, 177, 
238 

Mark 17 rocket igniter, 201-202 
Mark IS rocket igniter, 197 
Mark 18 rocket propellant grain, 179 
Mark 20 rocket launcher, l4~l 
Mark 21 rocket pr~pellant grain, 201 
Mark 22 rocket 149 
Mark 23 rocket propellant grain, 

196-197 
Mark 25 torpedo, 15 
:\lark 40 rocket launcher, 199 
Ma!·k 50 ship rocket ln.uncher, 204 
Mark .51 automatic rocket launcher, 

204-207 
Mark 139 rocket fuze, 135, 167 
Mark 148 toekct fuze, 17,5 
Mark 149 rocket fuze, 131, 175, 184 
Methyl alcohol for rocket propellants, 

67 
Methyl centra.lite for rocket propel­

lants, 69 
Military requirements for rockets, 

117-125 
accuracy, 121 
barrage rockets, J 51 
choice of fin or spin stabilization, 

121-123 
efficiency of rocket artillery, 123-125 
general characteristics and uses, 

ll7-ll8 
limitations, 125 
propulsion efficiency, 123-125 
range, 118 
underwater trajectory, 284-285 
velocity and payload, 118-121 

Mine clearance, use of retro rockets, 
168 

MJA rocket propellant, 85 
Molded composite tocket ptopclbnts, 

107-109 
general description, 107 
granulations, 108 
nominal compositions, 107 
properties, 108 
l'ecommendations, 111 

Molded double-base rocket propellants 
process, 10.5 
recommendations, 110 

Molybdenurn rocket nozzles, 257-258 
Momentum of rockets, formulas, 211-

212, 216 
MorrisDamLaboratory ,establishment,4 
Mousetrap 

see Antisubmarine rockets 

INDEX 

M-rail rocket launcher, 161 
Mule (aircraft rocket), 165 

NIR rocket noze fuze, 131 
Nitrocellulose for rocket propellants 

effect on mechanical strength and 
elastic properties, 103 

instability, 44, 61 
preparation, 56-57 

Nitroglycerine, use in rocket propel­
lants, 69, 102 

Nitro-methane for rocket propellants, 
67 

Nozzle design of rockets, 2.50-261 
accumcy, 250 
blowout disks, 260-261 
brazed-in formed nozzles, 178 
cht~racteristics, 250, 258 
discharge coefficient, 226 
erosion, 256-259 
flash suppression, 255-256 
fuzes, 130-131, 175, 184 
materials, 257-259 
multiple nozzle, 173, 188, 253-255 
single nozzles, 251-253 
stellite nozzles, 258 
tolerances, 254-255 
types, 250-251 

Nutation in spin-stabilized rockets, 288 

Oha rocket propellant grains, 162, 234 
115-mm aircraft rocket, 91 
Orientation angle for rockets, 267 
Orientation curves for spin-stabilized 

rockets, 289-291 
Orientation recorders for torpedo test 

measul'ements, 35-36 
Overturning moment of tocket, 219, 

289-291 

Perchlorate rocket propellants, cast 
see Cast perchlorate rocket propel­

lants 
Pcrmafil (resin) for rocket propellants, 

107 
Photography of undetwater torpedoes, 

27-28 
Phthalate esters for rocket propellants, 

102 
Pickle barrel (torpedo drag ring) 

effect on water entry, 16 
reduction of localized pressure, 33 

PIR rocket base fuzes, 131-133 
gas seals, 133 
method of arming, 131 

Pitch of torpedo, definition, 35 
Plastic case rocket igniters 

182-183 
evaluation, 241 

Plastic rocket propellants 
manufacturing process, 109 
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recommendations, 111 
Plasticizers for rocket propellants 

ccnt1·alite, 83 
diethylene glycol dinitrate, 69, 102 
DINA, 102 
nitroglycerin, 69, 102 
triacetin, 83 

Post rocket la.WJ.chers, 142-144, 195 
effect on trajectory, 275-276 
MarkS; 142 
tree-type, 143 

Potassium nitrate for rocket propel­
lants, 69 

Potassium perchloratc-ethylcellulosc 
l'ocket propelhtnt, 107 

Potassium salts for rocket propellants, 
69' 86-87' 102 

PySR (pyrotechnic sp.inner rockets), 
203 

Rail rocket launchel's 
eJfect on trajectory, 275-276 
Mark4; 141,175-176 
M-rail, 161 
operation, 138 
T-32; 158 

Hangc of rockets 
deceleration coefficient, 214-215 
effect of burning time of propellant, 

270 
ground-fired, 270-272 
in air, 214-215 
in vacuum, 212-214, 270 
military requirements, 118 
spin-stabilized, 304-305 

Recommendations for future research 
ballistics of rocket propellants, 4fl-50 
cast double-base propellants, 110 
cnst pcl'chlorate propellants, Ill 
chemistry of rocket propellants, 112, 

113 
ch·y-processed double-base rocket 

propellants, 62-63 
kinetics of rocket propellants, 112-

113 
molded composite propellaut,s, 111 
physieal pl'opel'ties of rocket pro­

pellants, 112 
plastic propellants, 111 
pressure molding of double-base 

powder, llO 
solid rocket propellants, 112 
solvent-eJrtruded composite propel­

lants, 111 
solvent-extruded double-base pow­

ders, UO 
solvcntless double-base powders, 110 

Hesonance effect in rocket propellants, 
98 

Retro rockets, 165-170 
design features, 167 
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designation and types, 165-166 
drift signal rockets, 169-170 
effectiveness 168 
launchers, 140-142, 167-168 
nozzle, 252 
related rockets, 168 
usc in atomic bomb test, 168 
use in mine clearance, 168 
use ·with magnetic airborne dctcetor, 

5, 165 
Hing tails, rocket, 261-262 
Hing tails, tOl·pedo, 14-15 
Rocket fuzes 

see Fuzes for rockets 
Rocket grenade, 164 
Rocket heads, 126-128 

alignment, 126 
double-ogivc, 127 
ground pcnetra.tion, 285-287 
joint strength, 126 
leakage and heating, 126 
Mark 5; 183-184 
Mark 6; 167 
Ma.rk 8; 203 
special shapes, 127-128 
zinc heads, 179 

Rocket motors 
3A9; 171 
Mark 6 (3A12), 172 
Mark 7 (3A16), 172-173 
White Whizzer,.l85 

Rocket motors, design, 244-250, 262-
266 

5.0-in. motor, 184-185 
chuffing, 234-235 
failmes at high tempemtmes, 23.5-

237 
for internal-burning grains, 2·:17 
grain support, 263-264 
heating problems, 24{-,246 
insulation, 246-247 
internal pressure, 225-228 
performance calculat.ions, 228-231 
reaction of wall with propellant, 249 
research and facilities required, 70 
seals, 1!!4, 264-266 
straightness of tube, 249 
suspension lugs, 262-263 
threads, 247-240 
tube dimensions, 244 
tubing material, 244 
use of ethyl celhilose lacquer, 249 
wall thickness, 244-246 
weight, effect on velocity, 120 
weldability, 247 

Rocket orientation >mgle, 267 
Rocket performance, them.'Y, 211-222 

fin stabilization, 217-219 
mccha.nism of propulsion, 211-214 
mnge, 214-215 
spin stabilization, 215-217, 219-222 

INDEX 

Rocket propellants, burning character-
istics, 41-M, 80-87 

avemge ra.te, 42-44, 09 
burnt velocity, 39, 270 
composition and thermal properties, 

43 
effect on range, 270 
effect on total impulse, 45 
formulas, 85, 96-97, 227 
gas velocity, 41 
linear rate of burning, 78, 226 
position in grain, 41 
pressure, 42, 83-85, 100 
radiation, 86, 87, 97 
temperature, 42-44, 85 
theory, 78-70, 87-88, 112 
throat-to-port ra.tio, 96-97 
time of b\ll'ning, 212-213 

Rocket propellants, burning rate metlS-
urcments 

bmning strand method, 82-83, 101 
dosed bomb method, 81 
vented vessel method, 81-82 

Itoeket propellants, eharaeteristic:s, 96-
102 

bitllistic characteristics, 96-98 
function, 21l 
ga.s temperature, 101 
ga.s velocity, 99, 101, 211-212, 

223-224 
rnechanical properties, 102 
physical properties, 94, 112 
recommendations, 109-113 
resonance effect, 98 
sensitivity, 102 
specific impulse, 71-72, 99-101, 211-

212 
stability, 101 
tempemtw·e, 223-225, 234-2:37, 244-

246, 259-261 
thrust coeffi.cient, 7 4, 211-214 
web thickness, lOO 

Rocket propellants, design, 89-92, 
223-225, 239-243 

ballistic requirements, 47-49 
ballistite, 118, 170, 187 
ca.talyst, 106 
eoolants, 69, 102 
desiccant 243 
gasoline, 67 
grids, 243 
igniters, 52-55, 182, 192-193, 239-242 
insulation, 101 
low-temperature perfonnn.nce, 234-

235 
maximum weight, 49 
oxidizers and fuels, 67 
Pe.t·mttfil, 107 
plasticizers, 69, 83, 102 
potassium sttlts, 6!1, 86-87, 102 
pressure-time curves, 225 

regressive type, 47 
siU ca gel, 243 
solvcntless ptocess, 69 
speoifications, 44-45, !)8, 223 
stabilizers, 44-45, 61, 6\1, 102 
web thickness, 100 

Rocket propellants, gTain eharacteris­
tics, 236-239 

easting, 104-105 
eomparison with guu propellant 

grains, 100 
effect on. loading density, 101 
grain inhibitors, 50, 60 
intemttl-burning grain, 47-48 
l~ngth of grain, 48 
pressute molding, 105 
.relation between shape and weight, 

238 
solvent extrusion, 94, 103 
solventless extrusion, 104 
stability requirements, 231-232 
stresses on grains, 236 
support, 263-264 
use of carbon dioxide, !J4 
use of ethyl cellulose, 50, 112-93 

Rocket propellants, grain types, Dl-04, 
231-234 

cruciform, 170-171, 234 
end-burning, 234 
inhibited, 92-94 
internal-burning, 50, 234, 247 
Mark 1; 232-233 
Mark 13; 45-46,58, 171,236 
Mark 16; 177, 238 
Mark 18; 179 
Mark 21; 201 
Mark 23; 197 
maximum weight, 237-239 
nmltiweb, 234 
okra, 162, 234 
single grain, 93 
tubular, 227, 231-233 

Rocket propellants, igniters 
see Igniters for rocket propellants 

Rocket propellants, internB1 pressure, 
78-80 

effect of temperature, 22.5, 228 
effect of throat-to-port 1.·atio, 96 
effect on arming rocket fuze, 130 
effect on burnii1g rate, 42, 83-85, 100 
effect on thrust. coefficient, 213-214 
equilibrium pressure, 78-79, 96-97, 226 
resonance effect, 98 

Rocket propellants, theory 
setJ Ballistics of rocket propellants; 

I\:inetics of rocket propellants; 
Thermodynamics of rocket pro­
pellants 

Hocket propellants·, types 
Nest perchlora.te, 105-107, lll 
composite, 68, 107-109, Ill 



double-base powders, 56-63, 60, 102-
104, 110 

ethylccllulose-potlulsium perchlorate, 
107 

external-burning grains, 47 
Ci- ll7B powder, 79-80, 110 
Galcit 61-C,. 106 
H-4; 42-44, 79-80 
H-5; 83 
.JP, 41, 61 
.JPH, 61-62 
.JPN, 40, 44-45, 50, 61-62, 110 
14.8; 80, 83, 85, 110 
liquid, 40, 50-51, 67 
MJA, 85 
nitrocellulose, 44-45, 56-57, 61, 103 
plastic, 100, 111 

Rocket tails, design 
fin tails, 262 
ring tails, 261-262 

Hockets, general types 
see also Fin-stabilized roekets; Spin-

stabilized rockets 
barrage, 151-Hi6, 167, 218, 220, 274 
chemical warfare grenade, l62-Hi3 
chemical warfare rocket, 156-1.58, 

168, 203, 279-280 
demolition, 151 
drift signal, 160-170 
for underwater targets, .5 
forward-firing, LH-144, 17.5, 218 
ground-fired, 270-274, 278 
high-capacity spinner, 1HJ, 203, 

289-290 
high-velocity fin-st:1bilized, 17\J-185 
high-velocity spinner, 201-202 
nonsteady-state, 98 
retro, 5, 140-141, 165-170, 2.52 
rocket grenade, 164 
ship-to-shore, 170 
smoke float, 168 
smoke spinner, 203 
subcaliber, 163, 176-17\), 2.52 
target rockets, 158-161 
window rockets, 136-137, 168 

Rockets, launchers 
see Launchcts for rockets 

Rockets, military requirements 
.w:1! Military requirements for rockets 

Rockets, nozzle design 
see Xozzle design of rockets 

Rockets, propulsion mechanism, 211-
214 

burning tirne and accelemt,ion, 212-
213 

comparison with guns, 123-125 
components, 139-140 
effect of propellant temperature, 214 
efficiency, 123-125 
momentum - impulse t!11·ust, tela~ 

211-212 

INDEX 

principle of operation, 67 
rela.tion of pressure to thrust, 213-

214 
solid fuel pl'opu!sion system, 48 
theory, 39 

Rockets, range 
see Range of rockets 

H.ockets, specific models 
2.25-in. fin,stabilized, 53, 176-179, 

2.52 
3.25-in., 247, 249, 252 
3.5-in. fin-stabilized, 126, 128, 170-

176,217-218 
3 .. 5-in. spin-stabilized, Hl6-199 
3Rl; 196 
4.5-in. barrage rocket, 274 
4.5-in. spinner, 91 
5.0-in. high velocity, 179-185 
5.0-in. spin-stabilized, 154-155, 172-

173, 195-207 
11.75-in. aircraft rocket, 186-105, 

248-249 
14-in. aircraft rocket, 248-249 
115-mm; 91 
M-8; 91 
Mark 7; 201-202 
T-59 (superbazooka), m 
Vicar, 93 

Rockets, stability 
see Stability of rockets; Yaw of 

rockets 
Hockets, trajectory 

see Trajectory of rockets 
Rockets, velocity 

see Velocity of rocketR 
Rockets for ttntiaircraft training 

see Target rockets for antiaircraft 
tra.ining 

Roll and depth recorder, 36 

SCAR 
see Sub caliber aircraft rocket 

Ship rocket latmchers, 1:38-140 
bla.st, 139 
firing systems, 130-140 
Mark 50; 204 
types, 138-13!) 

Ship-to-shore rocket, specifications, 170 
Shroud ring tails, torpedo, 14-15 
Silica gel for rocket propellants, 243 
Slot rocket launchers, 138 
Smoke float rocket, 168 
SmSR (smoke spinner rocket), 203 
Solid rocket propellants 

see Rocket propellants 
Specific impulse of rocket propellants 

burning at low pressures, 100 
definition, 39, 99 
density of lmuling, 101 
cfieet of thrust coeffieient, 211-212 
fonnnlns, 71-72 
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impulse-weight ratio, 100 
method of obtaining high specific 

impulse, 77 
ovemll impulse, 100-101 
reduced impulse, 72 
specifications, 45 
thermal insulation of motors, 101 

Specifications 
antisubmarine rockets, 148-140 
chemical wa.rfare grenade, 162 
rocket propclhmts, 44-45, 98, 101, 

223 
ship-to-shore rocket, 170 

Spin stabilization, theory, 215-217, 
219-222 

ballistic quantities, 215-216 
comparison with fin stabilization, 216 
effect of mallaunching, 221 
momentum, 216 
overtUJ·ning rnoment, 219 
rocket tm.jectory, 221 
special pmposc spinners, 221-222 
stability factor, 219-221 
yaw, 220-221 

Spin-stabilized rockets, characteristics 
accuracy, 121 
comparison with fin-stabilized, 121-

123 
fuzes, 137 
handling; 122 
internal-bUJ·ning grains, 47-48·;··ti9 
latmchers, 147 ·~~._. 

military requirements, 121-123 
payload, 122 
simplicity and chehpncss, 122 
tube design, 249-250 
velocity, US-120 
versatility, 122 

Spin-stttbilized exterior ballis-
tics, 288-306 

air Hight, 305 
bn,llistic constants, 280-290 
comparison with Jin-sta.bilized., 216, 

289, 306 
etTect of malbunching, 294-21)6 
force system, 288-289, 208 
gr11vity effect, 288, 291-203, 2n7-2!J8 
nutation, 288 
orientntion curves, 280-291 
overturning moment, 28!J-2!JJ 
range calculation8, :304-305 
terminal ballistics, 306 
·wind effect, 296-297 

Spin-sta.bilized rockets, stability, 2!)8-
304 

causes of dispersion, 301 
eH"ect of elevation angle, 208-20\J 
effect of jet malalignment, 303-304 
effect of wind, 301 
.Magnus force, 2~)9·:301 
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mallaunching, 302-303 
optimum spin, 304-305 
theory, 219-221 
unbalance, 301-303 
underwater, 122 
yaw, 220-221, 298-299 

Spin-stabilized rockets, types 
3.5-in., 196-199 
3R1; 196 
4.5-in., 91 
5.0-in., 154-155, 172-173, 199-207 
aircraft, 122, 147, 203-204 
chemical spinner, 203 
general purpose aircraft spinner, 220 
high-capacity spinner, 119, 203, 

289-290 
high-velocity spinner, 201-202 
pyrotechnic, 203 
smoke spinner, 203 

SSR 
see Spin-stabilized rockets 

Stability of roekets, 219-220 
.~ee also Yaw of rockets 
design considerations, 220 
formula., 219 
grain consider:l.tions, 231-232 
Magnus force, 299-301 
measurement, 217-218 
specifications for propellants, 44, 101 
theory, 217 
underwater, 122 

Stabilizers for rocket propellants 
centralite, 8:3, l02 
diphenylamine, 61, 69 
ethyl centralite, 44-45, 61, 6\) 

Steel rocket launcher, 185 
Stellite rocket nozzles, 258 
Step accelerometer, 28-32 
Subcaliber aircraft rocket, 176-179 

fins, 179 
heads, 179 
igniter design, 53 
launchers, 179 
lugs, 179 
nozzle, 176, 178, 262 
propellant grain, 176-177 
purpose, 176 
types and designations, 177 

Subcalibcr 1·ockets for surfa.ce wadare, 
163 

Supcrbazooka (rocket), 91 
Surface warfare rockets 

see Fin-stabilized rockets for surfa.ce 
warfare 

T -2 double-base rocket propellant, 
43-44, 80-81 

T-32 rocket launcher, 158 
'l'-40 rocket launcher, 151 
T-59 rocket 91 
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Target rockets for antiaircraft training 
advantages, 1.58-161 
designations and types, 161 
electrical contacts, 161 
fins, 160-161 
hunchers, 161 
motor, 159-160 

Temperature in rocket, propellants, 
223-225, 234-237, 2.59-261 

dependence on motor wall thickness, 
246 . 

effect on arming rocket fuze, 130 
effect on buming rate, 42-44, 85 
effect on gas velocity, 223-224 
effect on motors, 235-237, 244-246 
effect on nozzle erosion, 259 
effect on performance, 214 
effect on pressure, 225, 228· 
limits, 46-47 
low tempemture, 2:34-235 
requirements, 101 
use of blowout disks, 260-261 
vnriation of tensile strength, 246 

Thermodynamics of rocket propellants, 
71-77 

attainability of high specific impulse 
fuels, 77 

calculation of gas properties, 74-75 
calculation of specific impulse, 71-72 
deviations of static measurements 

from theoretical values, 76 
discharge coefficient, 72-74, 96, 226 
effect of roughness, 77 
effective ga.s velocity, 71-72 
formula, 74 
fuel properties, 71-72 
heat loss, 76 
incomplete reaction, 76 
powder Joss, 76-77 
thrust coefficient, 7 4 

3.25-in. aircraft rocket 
composition of steel in motor, 247 
nozzle, 252 
tube bcndh1g in motor, 249 

3.6-in. fin-stabilized rockets, 170-176 
center of mass, 217-218 
dEwelopment history, 170-171 
fuzes, 175 
head shapes, 128, 17.5 
launchers and service use, 175 
propellant grain, 170 
skirts on head, 126 
tests with ballistite, 170 
types, 176 

3.5-in. fin-stabilized rockct,s, motor de-
sign, 171-175 

3A9 motor, 171 
caps, 174 
electrical contacts, 174 
gdds, 173 

lug bands, 173 
Mark 6 (3A12) motor, 172 
Mark 7 (3A16) motor, 172-173 
motor threads, 248 
nO<l;Jle design, 172-173 
tails, 174 

3.5-in. spin-stabilized rockets, HJ60-19 
fu<les, 198 
grain, 196-197 
grid, 197 
head and motor tubes,.l97-l98 
iguiter, 197 
launchers, 199 
nozzle plate and ring, 197-198 
seals, 198 
types, 198 

3A9 rocket motor, 171 
3Al2 rocket motor, 172 
3A16 rocket motor, 172-173 
3R1 rocket, 196 

Thrust coeftlcient of rocket propellants 
effect of momentum and impulse, 

211-212 
effect of pressure, 213-214 
formula, 213-214 

Tin plate rocket igniters, 192-193, 
241-242 

Tiny 'rim 
see 11.75-in. aircraftrocket 

Torpedoes, 13-36 
Mark 13; 13-15, 18-19 
Mark 25; 15 
shroud ringtail, 14-15 

Torpedoes, latmching tests, 21-36 
accelerometers, 28-32 
acoustic range, 22-24 
t\ttitude (definition), 35-36 
damage instruments, 32 
deceleration, measuring equipment, 

25-27 
deviation (definition), 35-36 
drag ring, 34 
dummy torpedoes, 22-24 
entry angle, 21 
hydro pressure plugs, 33-3.5 
launching equipment, 21-24 
orientation recorders, 35-36 
pitch (definition), 35 
underwater photography, 27-28 
velocity-time curves, 26 
yaw (definition), 35-36 

Torpedoes, water entry, 16-20 
cavity stage, 17 
correlation between model and pro-

totype, 20 
dmg coefficient, 16-17 
effect of head shape, 18 
flow stage, 16 
immersion stage, 17 
moment of inertia, 19 



sitch ~lngle, 18 
phock stage, 16-17 
transition stage, 17 
trim studies, 1\1 

T1·ajectory of rocket~, 272-270, 282-287 
air Right, 214-215, 274-276, 282, 305 
deviation, 267 
effect of air drag, 214-21.5, 270-271, 

288, 208 
cffeet of launcher, 142-144, 275-276 
ground-fired, 273-274 
theory, 221 
underground, 285-287 
underv.ater, 282-285 

Tree-type rocket lmmeher, 1 ·13 
Trincctin for rocket propellants, 6!:l, 83, 

102 
'T-slot rocket launcher, 141, 17.5 
Tube rocket launchers, 138 
Tungsten rocket nozzles, 257-258 
2'.25-in. aircraft. rocket 

see Subcalibor aircraft rocket 

Underground trajectory of fiu-stabil­
ixcd rockets, 285-287 

Underwater ballistic studies, 8-12 
factors affect.ing model behavior, 

11-12 
scaled models, 8-10 
water entry of projectiles, 10 

Undcnrator mi~sile~ 
antisubmarine bombs, 3-8, H0-1·11, 

1·18 
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torpedoes, 13-36 
Underwater photogrttphy of torpedoes, 

27-28 
Underwater trajectory of fin-stabilized 

rockets, 282-285 
cross force, 282-283 
method of controlling, 127-128 
stability, 122 
ta.ctieal effectiveness, 284-285 

University of Mirmesota 
burning strand method of studying 

rocket propellants, 82-83, 101 
thermodynamics of rockets, (-\5, 71-

77 
University of Wisconsin 

burning strand method of studying 
rodcet propellants, 82-83, 101 

pl'epa.ra.tion of rocket propellant 
grains, 94 

thermodynamics of rocket propel­
lants, 71-77 

VAR (vcrticai antisubmarine rockets) 
.see Retro rockets 

Velocity of rockets, 118-121 
angular, 275-276 
comparison with machine 

27·:t 
effect of motor weight, 120 
fin-stabilized. 118-11 !J 
formula, 71 
spin-stabilized, 1 I 8-120 

bullet, 

Velocity-time curves, torpedo, 26 

381 

Vented vessel for studying rocket pro­
pellants, 81-82 

Vertical antisubmarine rockets 
see Retro rockets 

VFB (vertical fln,rc bombs), 169-170 
VFR (vertical flare rockets), 169-170 
Vicar (rocket), 93 

lr ater Entry and U nderu)(Jter B allis/.ics 
of Projectiles (report), 8-12 

W~;.ter entry of torpedoes 
see Torpedoes, water entry 

'\'bite Whizzcr (rocket motor), 185 
Wind, effect. on rocket trajectory 

dul'ing burning, 221 
fin-st.abilized, 272-274 
spin-stabilized, 296-297, 301 

Window l'Ockcts (a.ntiradar) 
base fuzes, 136-137 
motor, 168 

Yaw of rockets 
angle, 267 
effect on air trajectory, 275 
fin-stabilizod, 218-21 () 
formula, 221 
spin-st11bilized, 220-221, 298-209 

Yaw of torpedo, definition, 35-36 

Zero-length rocket launchers, J 42-1,14, 
195 

effect on trajectory, 275-276 
Mark 5; 142 
tree-type, 143 
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